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Oxysterols are potent regulators of cellular sterol homeostasis. The mammalian 
oxysterol binding protein (OSBP) was able to bind oxysterols directly; therefore, 
OSBP and its related proteins (ORPs) are believed to mediate some of the effects by 
oxysterols. However, recent data suggested that OSBP and ORPs might interact with 
other lipids, such as phosphatidylinositides, and might have functions other than 
controlling cellular sterol metabolism. The molecular mechanisms underlying the 
function of the entire OSBP family of proteins remain to be elucidated. The yeast OSH 
genes (OSH1-OSH7), which encode a family of homologues of OSBP, are believed to 
play important roles in the maintenance of intracellular lipid distribution, endocytosis 
and the integrity of vacuole morphology. In our study, we demonstrated using yeast-
two-hybrid system that the coiled-coil domain of Osh7p could interact with Vps4p, 
which belongs to the protein family of AAA-type ATPases. The interaction was 
further confirmed by a GST-pull down assay. Subcellular fractionation was performed 
to localize Osh7p mainly to the cytosolic fraction in wild-type cells, however, in vps4∆ 
yeast cells, a significant portion of the Osh7p redistributed to a membranous fraction. 
Sucrose density gradient analysis further confirmed the redistribution of Osh7p in 
vps4∆ strain. Meanwhile, we demonstrated that endocytosis and vacuolar protein 
sorting were not affected by OSH7 deletion. Concomitantly, the interaction between 
Osh7p and phospholipids was investigated using protein-lipid overlay assay. In this 
study, Osh7p showed the ability to bind to PI(4)P and PI(5)P. Finally, we presented 
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1.1 CHOLESTEROL HOMEOSTASIS 
 
Sterols are important membrane components of all known eukaryotic organisms and 
play essential roles in modulating membrane fluidity and permeability. In mammalian 
cells, the predominant membrane sterol is cholesterol while its close relative, 
ergosterol, is used as the major membrane sterol by the yeast Saccharomyces 
cerevisiae. Cholesterol is an extremely important biological molecule that has roles in 
membrane structure as well as being a precursor for the synthesis of the steroid 
hormones and bile acids. Cholesterol has attracted much attention because of its 
essential function in membranes of animal cell, and because it is the raw material for 
the manufacture of steroid hormones and bile acids. The very property that makes it 
useful in cell membrane, namely its absolute insolubility in water, also makes it lethal. 
The amount of cholesterol in animal cell membranes is tightly regulated to maintain 
proper cell function. When cholesterol accumulates in the wrong place, for example 
within the wall of an artery, it cannot be readily mobilized and its presence eventually 
leads to the development of an atherosclerotic plaque. Therefore, regulatory 
mechanisms must exist to maintain cholesterol homeostasis within cells. 
                   
Cholesterol has a complex four-ring structure (Fig 1.) and it is synthesized from a 
simple two-carbon substrate (acetate) through the action of at least 30 enzymes. The 
mechanisms underlying the synthesis and uptake of sterols by eukaryotic cells are now 
relatively well characterized and the cellular sterol homeostasis is regulated by at least 
three distinct mechanisms (Goldstein and Brown, 1990): 
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• 1. Regulation of HMG-CoA reductase activity and levels  
• 2. Regulation of excess intracellular free cholesterol through the activity 
of acyl-CoA:cholesterol acyltransferase, ACAT  
• 3. Regulation of low density lipoprotein (LDL) receptor-mediated 









Fig 1. Structure of cholesterol. The structure of cholesterol consists of four fused 
rings with the carbons numbered in sequence, and an eight-membered, branched 
hydrocarbon chain attached to the D ring. Cholesterol can be esterified by acyl-CoA: 
cholesterol acyltransferase (ACAT) to form cholesterol esters. Cholesterol ester has a 
fatty acid attached at carbon 3, which makes the structure even more hydrophobic. 
 
However, much less is understood about cellular sterol transport and how a 
nonhomogenous distribution of sterols between different internal membranes is 
maintained. Sterol homeostasis requires that there must be mechanisms to sense 
cellular sterol levels, and although there has been much recent progress in identifying 
some of the key regulators of cholesterol metabolism (Brown and Goldstein, 1999), 
little is known about how sterol sensing occurs. The intracellular traffic of cholesterol 
appears to be important in this feedback (Lange and Steck, 1996). The majority of 
cholesterol is found in the plasma membrane, but it is synthesized in the endoplasmic 
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reticulum (ER), where the cholesterol level is low and where changes in cellular 
cholesterol levels are sensed. The ER-embedded sterol regulatory element-binding 
protein (SREBP) system controls the transcription of genes encoding cholesterol 
biosynthetic enzymes (Brown and Goldstein, 1999; Lange et al., 1999). Although it 
might be expected that the systems controlling cholesterol metabolism would 
recognize cholesterol itself, there has been a long-standing interest in the possibility 
that oxysterols, a group of oxidized derivatives of sterols, are important second 
messengers in sterol homeostasis (Brown and Goldstein, 1974; Kandutsch and Chen 
1974; Accad and Farese, 1998). Indeed, oxysterols such as 25-hydroxycholesterol are 
up to a 1000 times more potent than cholesterol itself as down-regulators of cholesterol 
synthesis (Kandutch et al., 1978; Goldstein and Brown, 1990). 
Baker's yeast, Saccharomyces cerevisiae, makes its own cholesterol-like lipid called 
ergosterol, which is a major constituent of yeast membrane, where it is present in 3.3-
fold molar excess over all phospholipids (Zinser et al., 1991). Ergosterol is the bulk 
isoprenoid product of the mevalonate biosynthetic pathway, whose structure is showed 
in Fig 2. The products of the mevalonate pathway exert feedback regulation on their 
own synthesis at both transcriptional and post-transcriptional levels (Goldstein and 
Brown, 1990; Brown and Goldstein, 1997, 1999). Although some specific steps are 
unique in yeast, most biosynthetic routes of lipids in yeast are similar to those in 
mammalian cells (Basson et al., 1986, 1988; Jennings et al., 1991; Reynolds et al., 
1984; Robinson et al., 1993). Thus, the regulation of sterol homeostasis appears to 
require many of the similar genes and proteins in yeast and human and much of the 
work in defining the role of sterol in eukaryotic membranes has been done using the 
yeast model system. In this project, we use yeast as an experimental organism for 
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studying the role of oxysterol-binding protein homologue in intracellular sterol 








Fig 2. Structure of ergosterol. Ergosterol differs from cholesterol by the presence of 
unsaturations at C-7,8 in the ring structure and at C-22 in the side chain and by the 
presence of a methyl group at C-24 on the side chain (Zinser et al.,1991). 
 
1.2 OXYSTEROLS 
1.2.1 Structure of oxysterols 
Oxygenated derivatives of cholesterol (oxysterols) are biosynthetic metabolites of 
sterols, steroids and bile acids and they are 27-carbon products of cholesterol oxidation. 
Except for 24,25-epoxysterols, most oxysterols arise from cholesterol by autoxidation 
or by specific microsomal or mitochondrial oxidations, usually involving cytochrome 
P-450 species (Smith, 1987 and Schroepfer, 2000). They can be broadly defined as 
compounds which possess (a) a cyclopentanoperhydrophenanthrene nucleus, (b) a 
hydrocarbon side chain attached to C17, (c) a hydroxyl group at C3, and (d) one or 
more additional oxygens attached to the nucleus or side chain. The structures of 
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cholesterol and some oxysterols are depicted in Fig 3. As cholesterol is insoluble in an 
aqueous environment and resides mainly in membranes, it has been difficult to 
imagine how it could function as a molecular regulator. Oxysterols, on the other hand, 
have emerged as potential sterol homeostatic regulators because of their greater 
polarity and aqueous solubility, and because of observations dating from the 1970s that 
these compounds are more potent than cholesterol in down-regulating cholesterol 













































   ig 3. Structure of the cyclopentanopehydrophenanthrene nucleus, cholesterol 
d some oxysterols. (Figure taken from Hwang, 1991) 
2.2 Roles of oxysterols 
xygenated derivatives of cholesterol (oxysterols), analogues of cholesterol with 
ditional polar groups, are widely distributed in nature, being found in the blood and 
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tissues of animals and human as well as in food. As a group, oxysterols have attracted 
much attention in recent years on account of their biological activities which are of 
potential physiological, pathological or pharmacological importance. Oxysterols 
remained to be a biochemical curiosity until it was shown in 1974 that they were 
potent inhibitors of sterol biosynthesis by indirect inhibiting the activity of HMG-CoA 
reductase, which is the rate-limiting enzyme in cholesterol biosynthesis (Brown and 
Goldstein, 1974; reviewed by Hwang, 1991). In the following years, it was found that 
oxysterols regulate sterol metabolism by means of nuclear and cytoplasmic actions in 
animal cells (Taylor and Kandutch, 1985; Goldstein and Brown, 1990). In the nucleus 
oxysterols repress transcription of genes encoding enzymes of sterol biosynthesis, 
including 3-hydroxy-3-methyglutaryl (HMG) CoA reductase and HMG-CoA synthase, 
and they also repress transcription of the gene encoding low density lipoprotein (LDL) 
receptor (Goldstein and Brown, 1990). In the cytoplasm, oxysterols inhibit translation 
of the mRNA for HMG-CoA reductase and accelerate the proteolytic degradation of 
this ER enzyme (Dawson et al., 1991; Peffley et al., 1988). Furthermore, oxysterols 
activated another ER enzyme, acyl-CoA: cholesteryl acyltransferase (ACAT), which 
can facilitate the storage of excess sterols as sterol esters (Brown, 1975; Chang and 
Doolittle, 1983). These actions limit the biosynthesis and uptake of cholesterol, and 
they are part of a coordinated mechanism that prevents the accumulation of 
unesterified cholesterol within cells. Research during the ensuing years revealed that 
oxysterols participate in several different aspects of lipid metabolism (Fig 4.). In 
addition to serving as regulators of gene expression, oxysterols are also substrates for 
bile acid synthesis and mediators of sterol transport. As regulatory molecules, they 
inhibit the production of transcription factors required for the expression of genes in 
the cholesterol supply pathways (Brown and Goldstein, 1997), and they are ligands 
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that activate members of the nuclear hormone receptor gene family (Janowski et al., 
1996). Oxysterols are inactivated by conversion into bile acids, and in some instances, 
the essential need for bile acids can be met solely by the metabolism of oxysterols 
(Schwarz et al., 1996). They also may be substrates for steroid hormone biosynthesis 
(Nes et al., 2000). Tissues such as the lung and brain secrete measurable amounts of 
oxysterols into the circulation, which are then transported to the liver and converted 
into bile acids (Babiker et al., 1999). This secretion represents a form of reverse 
cholesterol transport (Bruce et al., 1998), a mechanism that peripheral tissues use to 
return cholesterol to the liver and thus to maintain homeostasis. 
 
 The important roles of oxysterols are also in part due to the observation that although 
most mammalian cells export cholesterol to high-density lipoprotein particles in the 
plasma, at least two cell types, macrophages and neurons, export the bulk of sterol as 
27- and 24-hydroxycholesterol, respectively (Bjorkhem et al., 1999). Furthermore, 
oxysterols have been shown to play roles in apoptosis, cellular aging, platelets 







Fig 4. Physiological roles of oxysterols. Cholesterol is converted into oxysterols that 
participate in several aspects of lipid metabolism, including regulation of gene 
expression, bile acid synthesis in the liver, and transport of sterol from one tissue to 
another (Figure taken from Russell, 2000). 
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If intracellular oxysterols serve as second messengers to regulate lipid metabolism, 
there must be particular proteins that recognize them. To date, two protein families 
appear to mediate many of the activities attributed to oxysterols. These proteins 
include some of the steroid hormone nuclear receptors such as liver X receptor α 
(LXRα) and steroidogenic factor 1 (SF-1) (Russell, 1999) and another family known as 
the oxysterol-binding proteins (OSBPs). When activated by oxysterols, the liver X 
receptors (LXR) regulate the expression of several genes in key positions in the 
maintenance of the whole body cholesterol balance and function as a ligand-activated 
transcription factor to up-regulate cholesterol catabolism to bile acids (Peet et al., 
1998).  These include genes involved in cholesterol absorption in the gut (Repa, et al., 
2000), cholesterol efflux from peripheral cells (Repa et al., 2000; Venkatewaran et al., 
2000), synthesis of fatty acids (Repa et al., 2000; Schultz et al., 2000), remodeling of 
lipoproteins in the circulation (Luo and Tall, 2000), and the bile acid synthetic pathway 
(Lehmann et al., 1997; Peet et al., 1998). However, in this project, we are more 
interested in OSBP, which appears to be the only protein known to bind specifically to 
the group of oxysterols that are active in the down-regulation of cholesterol synthesis 
(Dawson, 1989). OSBP was identified as being the most abundant cytosolic protein 
that bound to such regulatory oxysterols (Taylor et al., 1984, 1985).  
 
1.2.3 Oxysterol-binding protein 
The presence of OSBP was first reported in 1977 (Kandutsch et al., 1977). Based on 
its high affinity to 25-hydroxycholesterol, cytosolic OSBP was first purified. It binds a 
wide variety of oxysterols with affinities that are generally proportional to their 
potencies in regulating sterol metabolism (Taylor et al., 1984). The OSBP gene was 
cloned from the rabbit and the human (Dawson et al., 1989; Levanon et al., 1990), and 
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the encoded OSBPs are 98% identical. Multiple OSBP homologues have been found in 
the genomes of all eukaryotes so far examined, including humans (Levanon et al., 
1990), flies (Alphey et al., 1998), worms (C. elegans Sequencing Consortium, 1998), 
and fungi (Jiang et al., 1994; Schmalix and Bandlow, 1994; Fang et al., 1996; Daum et 
al., 1999; Hull and Johnson, 1999). These proteins all share a conserved 400 amino 
acid domain found at the C-terminus of OSBP, which has been shown to bind 
oxysterols (Ridgway et al., 1992). For convenience we will refer to this shared, 
characteristic domain as the “oxysterol binding domain”, although its binding 
specificity in other species has not been investigated. OSBP homologues can be 
divided into two general classes: short ones that comprise an oxysterol-binding domain 
alone, and longer ones such as OSBP itself have a pleckstrin homology (PH) domain at 
the N-terminus.  
 
The localization of OSBP within cells is governed by lipids. In transfected Chinese 
hamster ovarian cells (CHO) overproducing OSBP, the OSBP is found to be 
distributed diffusely in the cytoplasm and associated with small perinuclear vesicles. In 
the presence of 25-hydroxycholesterol, OSBP translocates to Golgi apparatus through 
PH domain where it appears to stimulate conversion of ceramide to sphingomyelin 
(Ridgway et al., 1992 and Lagace et al., 1999). Most PH domains in other proteins 
direct localization to the plasma membrane, often by interaction with 
phosphatidylinositol phosphates (PIPs). We have found that, in contrast, the PH 
domain of OSBP specifies targeting to the trans-Golgi network (TGN) of mammalian 
cells, and this interaction requires the presence of Golgi PIPs (Levine and Munro, 
1998). OSBP localization is also sensitive to concentrations of the lipid sphingomyelin 
(Storey et al., 1998; Ridgway et al., 1998). Based on the linkage between OSBP 
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localization and cellular lipid distribution, the function of OSBP likely involves in 
maintaining lipid homeostasis in membranes. 
 
Although the precise function of OSBP family has remained elusive, it at least seems 
certain that their function is required in all eukaryotes. Because of its binding activity 
and the potency of oxysterols as feedback regulators, OSBP was proposed to mediate 
feedback control of the mevalonate pathway. Overexpression of OSBP in Chinese 
Hamster Ovary (CHO) cells causes pleiotropic effects on both cholesterol synthesis 
and expression of genes encoding some mevalonate pathway enzymes (Lagace et al., 
1997). Several other studies have implicated OSBP in the regulation of cellular 
cholesterol and sphingomyelin homeostasis (Ridgway et al., 1998; Storey et al., 1998; 
Lagace et al., 1999). These data suggested the involvement of OSBP in mediating the 
effects of oxysterols on cholesterol metabolism even though OSBP was not found to 
be a major controller of transcription of the genes responsible for cellular cholesterol 
homeostasis. However, the in vivo role of the OSBP family is still unclear. 
 
Recently, 11 OSBP-related proteins (ORPs) have been cloned based on the highly 
conserved OSBP domain. Two of these ORPs, ORP1 and ORP2, with the highest 
degree of similarity to yeast Osh4p, were shown to bind to phospholipids instead of 
oxysterols (Xu et al., 2001). Osh4p has been implicated in the PI-dependent formation 
of Golgi-derived transport vesicles, which will be discussed in more detail in the later 
part of this thesis. In Chinese hamster ovary cells, ORP1 localized to a cytosolic 
location while ORP2 was associated with the Golgi apparatus, consistent with the 
hypothesis that ORP1 and ORP2 function at different steps in the regulation of vesicle 
transport. Overexpression of ORP2 protein can cause increase in [14C] cholesterol 
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efflux and decrease in ACAT activity. These results implicated ORP2 as a novel 
regulator of cellular sterol homeostasis and intracellular membrane trafficking. The 
yeast Saccharomyces cerevisiae has seven OSBP homologues whose functions are 
currently not well defined (Jiang et al., 1994). 
 
1.3 YEAST OSBP HOMOLOGUES 
1.3.1 Structure of Osh proteins 
There are seven OSBP homologues in yeast Saccharomyces cerevisiae, named OSH1 
through OSH7, respectively (Beh et al., 2001). The homology of all the seven proteins 
was the highest in a small domain of 150 to 200 amino acids. This small domain is 
known as the OSBP domain. Beside the OSBP domain, these proteins also contain a 
putative coiled-coil motif, which might be important for protein-protein interaction 
(Fig 5.). Three of these proteins (Osh1p, Osh2p and Osh3p) have a large N-terminal 
region that includes a PH domain, which might regulate protein targeting to 
membranes and thereby serve as membrane adaptors by interacting with 
phospholipids. Osh1p and Osh2p also have three ankyrin repeats, which are not found 
in the mammalian protein. Ankyrin repeats mediate protein-protein interactions and are 
generally found in cytoskeleton proteins and transcription factors. Thus the structure of 
Osh1p and Osh2p is suggestive of being able to bind both a phosphoinositide lipid 
through their PH domain and a protein partner through their anykyrin repeats. A 
putative membrane-spanning domain would constitute a contiguous stretch of 19-20 
residues predicted to form an α-helix, with a hydrophilicity score of <-1.6 over the 
entire length (Kyte and Doolittle, 1982). By these criteria, none of the OSBPs was 
likely to be an integral membrane protein (Beh et al., 2001). Although secondary 
structure predictions indicated that all the yeast Osh proteins are likely to be soluble 
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proteins as yeast Osh proteins lack any predictable membrane-spanning domains, 
membrane association may be conferred by a combination of interactions with 




























 5. Predicted secondary structure of the yeast Osh proteins. For each protein 
ated, the top graph plots the probability of coiled-coil domain formation vs. amino 
 residue number. The second illustration defines blocks of potential α-helical 
ns. The bottom graph plots hydrophilicity vs. residue number. The bottom figure 
cts important sequence motifs and their relative positions within each protein (Beh 
., 2001). 
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1.3.2 Localization of Osh proteins 
Four of the seven Osh proteins were characterized and they showed distinct 
intracellular distributions. Green fluorescent protein (GFP) fusion to Osh1p revealed a 
striking dual localization with the protein present on both the late Golgi, and in the 
recently described nucleus-vacuole (NV) junction. Deletion mapping revealed that the 
PH domain of Osh1p specified targeting to the late-Golgi, and an ankyrin repeat 
domain targeting to the NV junction. In contrast, GFP-Osh2p was localized to the 
plasma membrane, concentrated in the budding area of G1 phase cells, and around the 
mother-daughter bud-neck of S phase cells, as well as in a diffused cytoplasmic pool. 
GFP-Osh3p was apparently diffusely distributed throughout the cytoplasm (Levine and 
Munro, 2001). Osh4p-GFP localized to Golgi membrane. Osh4p was shown to bind 
PIP and this PIP-binding property, in conjunction with its conserved OSBP domain, is 
essential for Osh4p localization to Golgi membranes (Li et al., 2002).  
 
1.3.3 Function of Osh proteins 
None of the OSH genes studied to date encodes an essential gene, but elimination of all 
OSH genes resulted in cell lethality. Any OSH gene is sufficient to rescue this lethality 
(with only OSH1 requiring overexpression), indicating that the seven yeast Osh 
proteins performed at least one essential function in common (Beh et al., 2001). The 
finding that different localizations of individual Osh proteins suggests that OSBP 
homologue function is required in multiple parts of the cell, and that the different 
members of the family contain distinct targeting determinants. To determine whether 
there were any phenotypic differences between each OSH deletion mutant, their 
expression profiles were compared utilizing a collection of promotor fusion reporter 
plasmids representing 96 yeast genes involved in the mevalonate pathway, lipid 
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metabolism, and those respond to other well established cellular responses (Beh et al., 
2001; Dimster-Denk et al., 1999; Jiang et al., 1994). The pattern of each mutant 
expression profile was distinctly different from other mutants, thus indicating each Osh 
protein had a specific role although the exact function of each Osh proteins has not 
been established (Jiang et al., 1994; Beh et al., 2001). The one exception involved 
osh5∆ and osh6∆, whose expression profiles correlated. By this analysis, OSH5 and 
OSH6 appear to share some functional relatedness. The deletion of OSH4 appeared to 
affect expression of the 96 genes to the greatest degree. Previous studies have shown 
that the yeast OSH gene family was required for the vesicular trafficking, for the 
maintenance of intracellular sterol-lipid distribution, for membrane trafficking and for 
the integrity of vacuole morphology (Fang et al., 1996; Beh et al., 2001 and 
unpublished data).  
 
1.3.3.1 Role of OSH in maintaining sterol-lipid distribution and vacuolar integrity 
Relative to saponified lipid extracts from wild type, osh5∆ and osh6∆ strains contained 
a statistically significant elevation in steady-state ergosterol levels, while most of the 
deletion mutants had nearly the same level of ergosterol and sterol precursors. When 
all seven OSH genes were deleted, there was a 3.5 fold increase in ergosterol level, 13-
fold increase in 22-dihydroergosterol levels relative to wild-type, and steady-state 
increases in the levels of many other sterols such as zymosterol, episterol et al. The 
high level of ergosterol production was only observed when the entire OSH gene 
family was deleted (Beh et al., 2001), which implies that each single OSH gene could 
prevent the massive overproduction of ergosterol and hence each OSH had a common 
regulatory role in the maintenance of cellular sterol lipid composition. It was unclear 
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whether this ergosterol regulatory role was a direct or indirect part of the common 
essential function shared by all OSHs. 
 
Cellular distribution of sterols in OSH mutants shows defect when stained with the 
sterol-specific probe filipin. Sterols accumulates intracellularly and whereas in plasma 
membrane, a decrease in filipin fluorescence was observed in some osh∆ mutants. 
Loss of all OSH function resulted in vacuolar fragmentation and collapse (Beh et al., 
2001 and unpublished data). Therefore, it is possible that Osh protein play a role in 
some aspects of vacuolar integrity. Besides the increase of cytoplasmic lipid droplets, 
these lipid droplets also amassed within the fragmented remains of vacuoles. In wild-
type cells, lipid droplets were rarely seen within vacuoles.  
 
Ergosterol is important for the maintenance of vacuole morphology (Kato and 
Wickner, 2001). Deletion of ERG2-6, all of which encode ergosterol biosynthetic 
enzymes, causes substantial fragmentation of the vacuole (Munn et al., 1999). Taken 
together, it demonstrated that ergosterol synthesis and distribution are important for 
vacuolar morphology and OSH genes probably function to regulate the intracellular 
distribution of sterols, particularly in vacuole. 
 
1.3.3.2 Other sterol-related phenotypes of single and multiple osh∆ mutants 
On rich medium, many sterol-related mutants exhibit a defect in tryptophan transport 
when grown at low temperatures (Gaber et al., 1989). Some osh∆ strains were reported 
to grow poorly due to a defect in tryptophan uptake (Jiang et al., 1994; Beh et al., 
2001). In addition, three single deletion mutants caused cells to be resistant to nystatin, 
a polyene antibiotic whose toxicity to yeast is proportional to the amount of ergosterol 
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in the cell membrane. Although osh2∆ and osh4∆ mutants were resistant to nystatin, 
they contained wild-type levels of ergosterol. This result suggested that less ergosterol 
was exposed at the cell membrane in these mutants and since total ergosterol levels 
were the same as wild type, some resided at other locations shielded within the cell. 
Thus, Osh2p and Osh4p may facilitate the transfer of ergosterol to the cell membrane. 
In contrast, osh1∆ cells were sensitive to lovastatin, an inhibitor of an early step in 
sterol biosynthesis, yet had wild-type levels of sterol lipids. Therefore, osh1∆ strain 
had no defect in sterol biosynthesis per se, but the lovastatin sensitivity indicated a 
defect in the postsynthetic regulation of sterol lipid function. Indeed osh5∆ and osh6∆ 
mutants had elevated sterol levels. Thus, at some level, Osh1p, Osh5p and Osh6p were 
required for the proper regulation of sterol biosynthesis. osh3∆ and osh7∆ showed no 
obvious sterol related defects. These results reaffirmed that the Osh proteins were 
functionally distinct. 
 
1.3.3.3 Role of OSH in vesicular trafficking 
 Inositol-containing lipids have attracted the attention of cell biologists because of their 
dual activity as precursors of second messenger molecules and as crucial messengers 
themselves in the localization and assembly of protein machineries (Martin, 1998). 
Phosphoinositides derive from phosphatidylinositol (PI) and only differ in the 
phosphorylation status of the inositol ring. PI itself is synthesized in the ER and may 
be phosphorylated in the ER, nucleus, Golgi complex, endosomes and at the plasma 
membrane by specific kinases. The identification of protein modules that bind specific 
phosphoinositides (phosphoinositide-binding modules [PIBMs]) and thereby determine 
protein recruitment to specific cellular compartments and/or the allosteric modulation 
of enzymatic activities has widened the interest in these phospholipids (Cockcroft and 
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Matteis, 2001). Osh4p had been shown to be a phosphoinositide-binding protein (Li et 
al., 2002). 
 
Osh4p is by far the best characterized gene product in the OSH family, which has been 
implicated in the PI-dependent formation of Golgi-derived transport vesicles. A 
functional relationship between Osh protein and Sec14p became apparent when it was 
discovered that inactivation of the OSH4 gene, but not any of the other OSH genes,  
bypassed the requirement for SEC14 for cell viability (Fang et al., 1996). SEC14 
encodes a phosphatidylinositol/ phosphatidylcholine transfer protein and is essential 
for vesicle biogenesis. Cells lacking this protein are inviable due to the inability of 
transport vesicle to bud from Golgi apparatus. Analysis of “bypass Sec14p” mutations 
demonstrate that Sec14p regulates lipid metabolism so that a permissive membrane 
environment for Golgi complex secretory function is maintained (Fig 6.; Cleves et al., 
1991; McGee et al., 1994; Huijbregts et al., 2000; Li et al., 2000; Xie et al.2001). An 
important component of this Sec14p-mediated regulation of lipid metabolism appears 
to involve stimulation of the adenosine diphosphate-ribosylation factor guanosine 
triphosphatase activating protein (ARFGAP) activities. In this fashion, Sec14p may 
impose a trans-Golgi region-specific regulation of the adenosine diphosphate-
ribosylation factor (ARF) GTPase cycle in yeast. According to a recent study, Osh4p 
can bind PIPs and this PIP-binding property with its conserved OSBP domain, are 
essential for Osh4p targeting to Golgi membrane and this localization is critical for 
Osh4p function. Inactivation of Osh4p not only affects “bypass Sec14p”, but also 
elicits a suppression of some phenotypes associated with ARF and ARFGAP 
dysfunction. Thus Osh4p activities appear to play an important role in Sec14p-
mediated regulation of lipid metabolism. The hypothesis is Osh4p may function, 
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directly or indirectly, as a phosphatidylinositol-4-OH kinase (Pik1p) inhibitor in vivo, 
whose function is associated with PIP synthesis. Since defective Osh4p partially 
suppressed the growth defects associated with Pik1p dysfunction, it is suggested that 
Osh4p may regulate ARF function through its effects on PIP synthesis via the Golgi 
complex-associated Pik1p. Therefore, it is possible that Osh4p regulate Sec14p-























 ig 6. Pathway for Sec14-dependent Golgi secretory function. Phosphatidylcholine 
PC), DAG, and PA are proposed to mediate combinatorial regulation of a pair of 
mperfectly redundant ARFGAPs (Gcs1p and Age2p), whose activities are required for 
ec14p pathway function. The execution point of the OSH4 gene product in the 
ec14p pathway is unknown (Fig. taken from Li et al., 2002). 
hough it was shown that the original mammalian OSBP is a high affinity oxysterols 
inding protein, Osh4p seems to bind to phosphoinositide with high affinity. At the 
ame time, significant binding of Osh4p to 25-hydroxysterol was not detected (Li et 
l., 2002). The newly cloned ORP1 and ORP2 showed the highest degree of similarity 
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to OSH4. In yeast cells lacking Sec14p and Osh4p function, it was discovered that 
ORP1 was able to complement the function of Osh4p with respect to growth and Golgi 
vesicle transport whereas ORP2 was unable to do so (Xu et al., 2001). Instead, 
phenotypes associated with overexpression of ORP2 in yeast were a dramatic decrease 
in cell growth and a block in Golgi derived vesicle transport distinct from that of 
ORP1. Based on the analysis of SEC14-encoded phosphotidylcholine/ 
phosphotidylinositol transfer protein, a distinctive link can be predicted between yeast 
OSH and membrane transport. Thus, other Osh proteins may serve with certain 
proteins to perform a role similar to that of Osh4p with Sec14p. If yeast OSH family 
regulates budding from many different membrane compartments, then we would 
predict that cells lacking Osh proteins would accumulate a variety of vesicles or 
aberrant organelles. 
 
However, there are data showing that secretion through Golgi was largely unaffected 
by the loss of all OSH genes (Beh et al., 2001 and unpublished data). And deletion of 
the last remaining OSH gene in cells had little impact on protein transport. For 
example, the vacuolar protein, Carboxypeptidase Y (CPY) was neither missorted to 
cell surface nor blocked at any stage from reaching the vacuole after inactivation of all 
OSH gene products. The exact role of Osh proteins in vesiclar trafficking is still 
unclear. 
 
1.3.3.4 Role of OSH in endocytosis 
Osh proteins were also shown to be involved in endocytosis function (Beh et al., 2001 
and unpublished data). Rapid inactivation of OSH function disrupted lucifer yellow 
and FM4-64 uptake, and retarded Ste6p internalization from the plasma membrane. 
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Lucifer yellow is a marker dye for fluid-phase endocytosis, which is accumulated in 
vacuole in wild-type cells. FM4-64 is a fluorescent lipophilic probe, which associates 
with the yeast plasma membrane and following endocytosis, it is delivered to the 
vacuole and stains the vacuolar membrane (Vida and Emr, 1995). Ste6p is an ABC 
transporter that is required for export of a-factor mating pheromone. In wild-type cells, 
it is constitutively internalized from the plasma membrane and routed to the vacuole 
where it is degraded (Berkower et al., 1994).  
 
ARV1 encodes a potential zinc-binding integral membrane protein that is required to 
maintain normal ergosterol distribution in yeast cells (Tinkelenberg et al., 2000). 
arv1∆ showed reduced lucifer yellow uptake and vacuolar fragmentation similar to 
osh∆. These results demonstrated that arv1∆ and osh∆ mutants shared similar defects 
and suggested a connection between endocytosis, vacuolar morphology, and 
maintenance of sterol distribution. 
 
1.4 VESICLE-MEDIATED VACUOLAR PROTEIN SORTING 
In the yeast Saccharomyces cerevisiae, vacuole is the functional equivalent to 
mammalian lysosome. Eukaryotic cells contain a complex vesicle-mediated transport 
system, which selects and delivers proteins and lipids to different subcellular 
organelles. The endosomal membrane system functions as a central sorting site for 
both the endosytic and biosynthetic pathways. Endocytosed proteins are first delivered 
to an early endosome and then are either recycled back to the plasma membrane or 
delivered to the vacuole via a late endosome/pre-vacuolar compartment (PVC). As for 
the biosynthetic transport pathway, proteins synthesized will move into endoplasmic 
reticulum (ER) and then to Golgi apparatus for post-transcriptional modifications. And 
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from trans-Golgi, proteins that are destined to be secreted will join the secretory traffic 
while vacuolar proteins will be sorted away from the secretory pathway by a receptor 
protein, Vps10p (Marcusson et al., 1994). A well-studied example of vacuolar proteins 
is the CPY protein (reviewed in Stack et al., 1995). It is sorted away from the secretory 
pathway into the late endosome/pre-vacuolar compartment by Vps10p. Vps10p will be 
recycled back to trans-Golgi for sorting of other vacuole proteins (Cereghino et al., 
1995; Copper and Stevens, 1996). Thus, the endocytosis pathway converges with the 
biosynthetic pathway at late endosome.  
 
A critical step in these two pathways occurs in late endosomes when the limiting 
membrane invaginates and buds into the lumen of the organelle to form a 
multivesicular body (MVB) (Felder et al., 1990; Gruenberg and Maxfield, 1995). 
During this process, a subset of the membrane proteins within the limiting membrane 
of the endosome is sorted into these invaginating vesicles. Subsequent fusion of the 
mature MVB with the vacuole results in the delivery of the internal vesicles, along 
with their associated cargoes, to the lumen of the vacuole where they can be degraded 
by a host of hydrolytic enzymes (Futter et al., 1996). Proteins that remain in the 
limiting membrane of the MVB are delivered to the limiting membrane of the vacuole. 
This process, referred to as the vacuolar protein sorting pathway, thereby sorts proteins 
destined for the lumen of the vacuole away from proteins destined for the limiting 
membrane of vacuole.  
 
Ubiquitination was showed to serve as a sorting signal for entry of cargo into the MVB 
pathway. Furthermore, ESCRT-I (endosome sorting complex required for transport) 
was showed to act in the recognition of ubiquitinated cargoes at the endosome and 
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initiate transport of these cargoes into the vesicles that invaginate into late endosomes 
to form MVB (Katzmann et al., 2001). ESCRT-I is a protein complex composed of the 
Vps23, Vps28 and Vps37 proteins, all these three proteins belong to class E Vps 
proteins. It suggested that a subset of the Vps class E proteins initiate ubiquitin 
dependent vacuolar protein sorting by selectively binding ubiquitinated cargo and 
directing sorting of these cargoes into MVB vesicles.  
 
1.5 VPS MUTANTS 
The precursor form of CPY carries positive sorting information that directs the protein 
to the vacuole (Valls et al., 1987, 1990; Johnson et al., 1987). In the absence of this 
sorting signal, the protein is secreted (Stevens et al., 1986). In S. cerevisiae, several 
selection schemes have been undertaken to identify mutants defective in the delivery 
of CPY to the vacuole. More than forty vacuolar protein sorting (vps) mutants have 
been identified (Jones, 1977; Robinson et al., 1988; Rothman et al., 1989). Additional 
analyses have shown that all of the vps mutants exhibit defects in the sorting of several 
other soluble vacuolar proteins (Robinson et al., 1988; Rothman and Stevens, 1986). 
The vps mutants are divided into the classes A-F, based on their vacuolar morphology 
and sorting defects (Banta et al., 1988; Raymond et al., 1992). Class A vps mutants 
have vacuoles similar to those of wild-type cells. Class B vps mutants possess, 
fragmented vacuoles. Class C vps mutants lack coherent vacuoles. Class D vps mutants 
display defects in vacuole inheritance and acidification of the vacuole. A novel 
prevacuolar-like organelle is prominent in class E vps mutants. Vacuoles in class F vps 
mutants are encircled by smaller vacuolar compartments (Raymond, 1992). In this 
study, we focus on Vps4 protein, which belongs to class E mutants. 
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1.5.1 Class E mutants  
A subset of 13 vps mutants, designated as class E vps mutants, accumulate newly 
synthesized vacuolar proteins, internalized plasma membrane proteins and resident 
proteins of trans-Golgi in an aberrant multilamellar structure, the class E compartment 
(Raymond et al., 1992; Cereghino et al., 1995; Rieder et al., 1996). This implies that 
there is likely to be a block in both forward transport from defective class E 
compartments to vacuole as well as the recycling of proteins from defective class E 
compartments back to trans-Golgi (reviewed in Bryant and Stevens, 1998; Munn et 
al., 2000). Characterization of three class E VPS genes, VPS4, VPS27 and VPS28, 
suggested that the class E Vps proteins act at a common step required for efficient 
transport out of an endosomal compartment, consistent with the class E compartment 
representing an accumulated endosomal structure (Piper et al., 1995; Rieder et al., 
1996; Babst et al., 1997; Finken-Eigen et al., 1997). VPS4 and VPS27 homologues, 
SKD1 (Perier et al., 1994) and Hrs (Komada and Kitamura, 1994), respectively, have 
been identified in mammalian cells. Hrs has been localized to endosomal membranes 
(Komada et al., 1997), suggesting that the function of the class E Vps proteins is 
conserved in eukaryotes. 
 
1.5.2 Vps4p 
The amino acid sequence of Vps4p identifies it as a member of the AAA (ATPase 
associated with a variety of cellular activities) family of ATPases. AAA proteins are 
involved in diverse cellular functions such as membrane fusion (Sec18p/NSF, 
Cdc48p/p97) and protein degradation (YTA 10-12, proteosome subunits, FtsH) 
(Reviewed by Patel and Latterich, 1998). The defining feature of this family is a 
conserved ATPase domain of  ~220 amino acids present in one or two copies.    
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Vps4p is a soluble protein with a predicted molecular weight of 48 kDa, it has been 
shown to be necessary for efficient protein transport from an endosomal compartment 
to the vacuole. The protein sequence contains two identifiable motifs: an N-terminal 
coiled-coil motif which might be involved in protein interaction and a central AAA 
domain which was shown to have ATPase activity (Babst et al., 1998). Figure 7 shows 






Fig 7. Schematic figure of the protein structure of Vps4p. The black box indicates 
the AAA domain of Vps4p. Coiled-coil motif is marked by gray box (Fig. taken from 
Babst et al., 1998). 
 
From the in vitro studies, Vps4p exist in two forms: a nucleotide-free or an ADP-
bound form and an ATP-locked form (Babst et al., 1998). Vps4p dimer is the 
predominant form in the steady state in vivo and assembled into a decameric complex 
upon binding ATP (ATP-locked form). This interaction between the dimmers 
increased the ATPase activity of Vps4p considerably. Oligomerization of the Vps4p 
dimmers induced the ATPase activity and hydrolysis of ATP might result in the 
dissociation of the dimmers. This in vitro data suggests that ATP hydrolysis might 
drive a cycle of association and dissociation of Vps4p dimers. In vivo Vps4p function 
may be very similar to that found in vitro (Fig 8.). Vps4p dimers in the ATP-bound 
form are recruited from the cytoplasm to an endosome, leading to Vps4p decamer 
association with a class E Vps protein complex via coiled-coil interactions. The 
oligomerization of Vps4p dimers triggers the hydrolysis of ATP, resulting in a 
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conformational change in the coiled-coil domain which in turn dissembles the class E 
Vps protein complex. In addition, ATP hydrolysis destabilizes the decameric Vps4p 
complex and results in the formation of soluble ADP-bound dimers. ADP/ATP 
exchange closes the functional cycle of Vps4p. The soluble class E Vps proteins can 
then bind again to endosomal membranes to perform their functions. 
 
Thus, Vps4p acts as a dissociation factor for a class E Vps protein complex bound to 
the cytoplasmic face of endosomes. This complex could define or stabilize structural/ 
morphological properties of the endosome required for proper sorting of anterograde 
and retrograde traffic within the intermediate endosomal compartment. Together, class 
E Vps protein complexes might act on endosomal membranes as a coat in which the 










Fig 8. Model for ATP-driven cycle of Vps4p in vivo and in vitro. Ellipses and 
rectangle represent Vps4p dimmers in different nucleotide-binding states and 




The deletion of the coiled-coil domain from Vps4p did not affect the in vitro 
characteristic of Vps4p, but it could not complement the function of Vps4p in vps4∆ 
strain (Babst et al., 1998). Unlike the Vps4p lacking ATPase activity, this mutant did 
not accumulate in the P13 fraction but remained in the S100 fraction. P13 fraction 
denotes membranous fraction, which includes the class E compartments and S100 
fraction represents the soluble proteins. Hence, the coiled-coil domain might be 
necessary for the association of Vps4p with the endosomal membrane. 
 
1.6     OSH7 
Osh proteins were divided into four subfamily groups based on the overall sequence 
homology: (1) Osh1p and Osh2p, (2) Osh3p, (3) Osh4p and Osh5p, and (4) Osh6p and 
Osh7p (Beh et al., 2001). In this report, we will concentrate on Osh7p which shows 
~81% homology with Osh6p. The protein sequence of Osh7p includes two identifiable 
domains: the N-terminal OSBP domain and the C-terminal coiled-coil motif (Fig. 9). 
Osh7p has been shown to interact with Vps4p in an initial yeast two-hybrid screening 
(unpublished data). Vps4p belongs to the protein family of AAA-type ATPase and is 
involved in vacuolar protein sorting (Babst et al., 1997). The coiled-coil domain of 
Osh7p alone showed a stronger interaction as compared to the full length Osh7p. 









 ematic figure of the protein structure of Osh7p.  The black box indicates 
rol-binding domain while the gray box indicates the coiled-coil domain. N 
te the N- and C- terminals of the protein. 
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1.7    OBJECTIVES OF THIS PROJECT 
The objectives of this project are: 
(1) confirm the interaction between Osh7p and Vps4p 
(2) localize Osh7p in both the wild-type and vps4∆ cells 
(3) investigate the function of Osh7p in vesicle trafficking as well as in sterol 
homeostasis 
 
If the function of Osh proteins in yeast is established, it will be able to provide insights 
for the function of mammalian OSBP in regulating cholesterol homeostasis. By doing 
so, new therapies may be developed to combat atherosclerosis and coronary heart 






























2 MATERIALS AND METHODS 
2.1 MEDIA, REAGENTS, STRAINS AND PLASMIDS 
Most chemicals were from Sigma (St. Louis, MO, USA) unless otherwise stated. 
Luria-Broth (LB) medium used for bacterial culture contains 1% tryptone (BBL, 
Sparks, MD, USA), 1% NaCl  (Merck, Damstadt, Germany), and 0.5% yeast extract 
(BBL), SD minimal medium contained 6.7% yeast nitrogen base and 20 g glucose 
containing necessary DO supplement (Clontech, Palo Alto, CA, USA). To select for 
the kanMX4 gene, yeast were grown on yeast rich medium containing 200 µg/ml 
geneticin sulfate (G418). All solid media contained 2% bactoagar (BBL). The 
restriction enzymes used were purchased from Promega (Madison, WI, USA). 
Polymerase chain reaction (PCR) was performed either using Pfu or Taq polymerase 
from Promega. Ligation was done using T4 DNA ligase from New England Biolabs 
Inc (Beverley, MA, USA). Lucifer Yellow carbohydrazide was the dilithium salt and 
was obtained from Fluka AG (Buchs, Switzerland). FM4-64 was obtained from 
Molecular Probes (Eugene, OR, USA). Zymoylase 20T was from US Biologicals 
(Swampscott, MA, USA). Glutathione-agarose beads and Talon Nickel resins used 
were from Clontech. Rabbit anti-GFP polyclonal antibody, mouse anti-Pep12p 
monoclonal antibody, mouse anti-myc monoclonal antibody, rabbit anti-hexokinase 
polyclonal antibody, mouse anti-Dpm1p monoclonal antibody and mouse anti-CPY 
monoclonal antibody were obtained from Molecular Probes (Eugene, OR, USA). Goat 
anti-rabbit and goat anti-mouse antibody were purchased from Bio-Rad Laboratories 
(Hercules, CA, USA). Precoated silica gel thin-layer chromatography (TLC) plates 
were purchased from E. Merck (Darmstadt, Germany). All Saccharomyces cerevisiae 
strains and plasmids used in this project are listed in Table 1 and Table 2 respectively.  
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Table 1: Genotype of yeast strains used in this project 
Strain Genotype Source 
RH448 MATa his4 leu2 ura3 lys2 barI Zahn et al.,2001 
RH2906 MATa his4 leu2 ura3 lys2 barI vps4 :: URA3 Zahn et al.,2001 
Y00000 MATa his4 leu2 ura3met15 barI Euroscarf 
vps4∆ MATa his4 leu2 ura3met15 barI vps4 :: KanaMX4 Euroscarf 
osh7∆ MATa his4 leu2 ura3met15 barI osh7 :: KanaMX4 This study 
EGY48 MATa, his3, trp1, ura3, LexAop(x6)-LEU2 Clontech 
SEY6210 MATa leu2-3 ura3-52 112 trp1∆ his3∆200 lys2-
801leu2-3,112try∆ 901 suc2∆9 




SEY6210 TRP1:: PMET3-OSH2 osh1:: kan-MX4 
osh3::LYS2 osh4::HIS3 osh5::LEU2 osh7::HIS3 












Table 2: Plasmids used in this project 
Plasmids Description Source 
pLexA HIS3 ApR  Clontech 
pLexA-VPS4 HIS3 ApR (pLexA) VPS4 Dr. Alan Munn laboratory 
pLexA-lam HIS3 ApR Clontech 
pJG4-5 TRP1 ApR Clontech 
pJG4-5-OSH7cc TRP1 ApR (pJG4-5) OSH7cc Dr. Alan Munn laboratory 
pJG4-5-OSH7 TRP1 ApR (pJG4-5) OSH7 This study 
pJG4-5-OSH6cc TRP1 ApR (pJG4-5) OSH6cc This study 
pSH18-34 URA3 ApR  Clontech 
pRS316-OSH7 URA3 ApR cen (pRS316) OSH7 This study 
pRS316-OSH7GFP URA3 ApR cen (pRS316) OSH7-GFP This study 
YCplac111-GFP LEU2 ApR cen Dr. Alan Munn laboratory 
Yeplacc181-GFP LEU2ApR 2 µ Dr. Alan Munn laboratory 
pYCP-OSH7 LEU2 ApR (YCplac111-GFP) OSH7 This study 
pYEP-OSH7 LEU2ApR (YEplac111-GFP) OSH7 This study 
pYCP-CPS URA3 ApR (pRS426) CPS Dr. Alan Munn laboratory 
pADNS LEU2 ApR Colicelli et al., 1989 
pADNS-OSH7 LEU2 ApR(pADNS) OSH7 This study 
pLexA-VPS4-N HIS3 ApR(pLexA) VPS4-N (1-127aa) Dr. Alan Munn laboratory 
pLexA-VPS4-C HIS3 ApR(pLexA) VPS4-C (351-438aa) Dr. Alan Munn laboratory 
pLexA-VPS4-AAA HIS3 ApR(pLexA) VPS4-AAA (128-
350aa) 
Dr. Alan Munn laboratory 
pGEX-4T-2-OSH7 ApR (pGEX-4T-2) OSH7 This study 
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2.2 AGAROSE GEL ELECTROPHORESIS  
10x TAE buffer for agarose gel electrophoresis contains 40 mM Tris, 2 mM EDTA 
and 0.114% glacial acetic acid with pH at 7.8. For 1% agarose gel, 0.40 g of agarose 
(BioRad) was dissolved in 40 ml of 1x TAE buffer with 500 µg/L ethidium bromide 
(BioRad) to stain the gel and the mixture was heated in a microwave oven for 40 
seconds. After cooled to about 50°C, the mixture was poured into a mini gel-casting 
chamber with a comb. The gel was allowed to solidify at room temperature for 30 
minutes and then placed into an electrophoresis tank. TAE buffer was added into the 
tank to the level that can cover the gel. The DNA samples were mixed with 1/10 
volume of loading buffer (BioRad) and loaded into the wells. The DNA ladder 
(BioRad) of the appropriate size (100 bp or 1 kb) was also loaded into a well 
subsequently. Electrophoresis was performed at 100 volts for 30 minutes for the DNA 
fragments less than 5 kb whereas for 45 minutes for the ones more than 5 kb. The gel 
was then taken out, viewed with UV transilluminator and photographed. 
 
2.3 ISOLATION OF PLASMID DNA FROM E.coli 
2.3.1 Small scale preparation of plasmid DNA 
Small scale extraction of plasmid DNA was performed with slight modification as 
described by Ausubel et al. A 1.5 ml overnight culture of E. coli was transferred to a 
1.7 ml eppendorf tube and the medium was removed by spinning the cells at maximum 
speed (14,000 rpm) for 1 minute in a microfuge (Eppendof centrifuge 5417C). The 
supernatant was discarded and the pellet was resuspended in 100 µl of ice-cold 
solution I (25 mM Tris, pH 8.0, 10 mM EDTA, pH 8.0, 50 mM glucose) by vigorous 
vortex. 200 µl of freshly prepared solution II (0.2 M NaOH, 0.1% SDS) was then 
added and the tube was immediately inverted 5 times to mix. Following 2 minutes of 
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incubation on ice, 150 µl of cold solution III (3.0 M potassium acetate, 0.5 M acetic 
acid, pH 4.8) was added and the tube was then vortexed briefly to mix again. After 5 
minutes incubation on ice, the tube was centrifuged at 14,000 rpm for 5 minutes and 
the supernatant was transferred to a new tube. 0.9 ml of 100% ethanol was then added 
to precipitate the DNA and the mixture was vortexed shortly. After 5 minutes of 
incubation at room temperature, the tube was centrifuged at the same speed for 5 
minutes. The supernatant was removed carefully and the pellet was rinsed with 1ml of 
70% ethanol. The tube was then spun again. After carefully removing the supernatant, 
the pellet was dried in the speed-Vacuum machine for 10-15 minutes and then 
dissolved in 25 µl of TE buffer with 20 µg/ml RNase (Promega). The samples were 
stored at –20 °C for further analysis. 
 
2.3.2 Large scale preparation of plasmid DNA 
Large scale extraction of plasmid DNA was carried out using the QIAGEN midi-
preparation kit (Hilden, Germany). An overnight 3 ml culture of E. coli was refreshed 
in 100 ml of LB containing respective selection antibiotic, ampicillin (Amp). The cells 
were grown at 37 °C with vigorous shaking at 200 rpm for 8 hours. The cells were 
harvested by centrifugation at 6500 rpm in Beckman JA-14 rotor for 15 minutes at 4°C. 
The medium was discarded and 4 ml of buffer P1 was added to lyse the cells. Another 
4 ml of buffer P2 was added and mixed gently by inverting it several times. After 5 
minutes incubation at room temperature, 3ml of chilled buffer P3 was added and the 
tube was inverted several times again. Following 15 minutes incubation on ice, the 
tube was then centrifuged at 13,000 rpm for 30 minutes at 4 °C. The supernatant was 
removed promptly and subjected to another round of centrifugation. The supernatant 
was removed promptly. At the same time, a QIAGEN-tip 100 was equilibrated with 4 
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ml of buffer QBT and the column was emptied by gravity flow. The supernatant 
obtained earlier was added into the column and was emptied by gravity flow. The 
QIAGEN-tip was washed twice with 10 ml buffer QC. The DNA was eluted with 
buffer QF. The DNA collected was precipitated with 3.5 ml of room temperature 
isopropanol. After 15 minutes incubation at room temperature, the tube was 
centrifuged at 13,000 rpm for 30 minutes at 4°C. The supernatant was discarded and 
the resulting pellet was washed with 1.5 ml 70% ethanol and centrifuged again at 
13,000 rpm for 20 minutes at 4 °C. The pellet was dried and dissolved in 100 µl TE 
buffer, pH8.0 containing RNase. The resulting plasmid was stored at -20°C. 
 
2.4 EXTRACTION OF YEAST GENOMIC DNA 
A 1.5 ml overnight yeast culture was pelleted and washed with water. The pellet was 
resuspended with 200 µl of 2% Triton-X-100, 1% SDS, 100 mM NaCl, 10 mM Tris-
HCl, pH 8.0 and 1 mM EDTA. 200 µl of phenol:chloroform (1:1) was added, followed 
by approximately 100 µl volume of glass beads. The tube was vortexed for 4 minutes 
and 200 µl of TE buffer (pH 8.0) was added subsequently. The tube was centrifuged at 
14,000 rpm for 5 minutes and the supernatant containing DNA was transferred to a 
new tube. DNA was precipitated with 100% ethanol at 14,000 rpm for 10 minutes. 
DNA pellet obtained was dried and dissolved in 50 µl of TE buffer, pH 8.0. The 








2.5.1 Cloning of OSH7 in the plasmid pJG4-5 
2.5.1.1 Primer design 
For yeast two-hybrid screening, OSH7 was amplified from yeast chromosomal DNA 
using Pfu polymerase. The primers used were YHRF5: 5’-CGGGATCCTTGCTCTC 
AAAAACTAAAGAA-3’ and YHRF3: 5’-CCGCTCGAGCTAATTCTTTTGGATT 
CCATG-3’.  
 
2.5.1.2 PCR amplification and purification 
PCR was performed using Promega PCR system. 39.5 µl of ddH2O, 5 µl of 10x PCR 
buffer, 1 µl of 10 mM dNTPs mixture, 2 µl of template DNA (0.5 µg) and 1 µl of both 
primers (0.2 µg/ml) were mixed together in a 200 µl PCR tube. 0.5 µl of Pfu 
polymerase (5 units) was added to the mixture finally to make up a 50 µl reaction. 
After initial denaturation at 94 °C for 3 minutes, 35 cycles of a 3-step PCR procedure 
were carried out in a Thermal Cycle according to the following parameters: 
denaturation at 94 °C for 2 minutes, annealing at 55 °C for 1 minute and extension at 
72°C for 4 minutes. It was followed by a final extension at 72 °C for 10 minutes. After 
subjecting to gel electrophoresis to ensure the correct size, OSH7 PCR products were 
precipitated on ice using 100% ethanol for 30 minutes. It was then spun down at 
14,000 rpm for 15 minutes. The DNA pellet was washed with 70% ethanol and 
dissolved in 50 µl of TE buffer, pH 8.0. 
 
2.5.1.3 Digestion  
 Restriction enzyme digestion was also performed using Promega digestion system. 
The PCR products for two-hybrid screening and the plasmid pJG4-5 were digested 
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with BamHI and EcoRI for three hours at 37 °C respectively. The digestion reaction 
mixture consisting of 1 µl (2-5 units) of enzyme, 2 µl of 10x buffer, 2 µl of BSA (1 
mg/ml), 1-2 µg of DNA sample and nuclease-free water was incubated at 37 °C for 2-3 
hours.  
 
2.5.1.4 Converting 5’-overhang to a blunt end  
The digested products were purified by ethanol precipitation as described in 2.5.1.2. 
DNA was resuspended in DNA Polymerase Large (Klenow) 1x buffer containing 40 
µM of each dNTP and 0.1 mg/ml of Acetylated Bovine Serum Albumin (BSA). 1 unit 
of Klenow polymerase per microgram of DNA was added into each tube. The total 
reaction volume was 40 µl. The reaction tubes were incubated at room temperature for 
10 minutes and followed by a 10 minutes incubation at 75°C to stop the reaction. DNA 
was then precipitated with ethanol as described above and subsequently digested with 
XhoI for three hours at 37°C.  
 
2.5.1.5 Gel purification 
The digested products were purified using kit from GFMTM (Amersham Pharmacial 
Biotech, USA). The PCR products and plasmid were first separated on 1% agarose gel 
and the DNA bands whose size corresponding to the digested plasmid and PCR 
products were cut from the gel. The agarose slices were weighed to the nearest 10 mg 
and Capture Buffer was added (10 µl of buffer for every 10 mg of gel slice). The 
agarose slices were then incubated at 65°C for 10 minutes until the gel slice was 
completely dissolved in the Capture Buffer. After incubation, the tubes were 
centrifuged briefly to collect the sample at the bottom of the tube. A GFX column was 
placed in a collection tube and the respective samples were loaded into each GFX 
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column. The tubes were incubated for 1 minute at room temperature and after 
incubation, the samples were spun at 14,000 rpm for 30 seconds. The flow through 
was discarded and 500 µl of Wash Buffer were added. The tubes were centrifuged at 
14,000 rpm for 30 seconds and the collection tubes were replaced with 1.5 ml 
eppendorf tubes. 50 µl of TE buffer, pH 8.0 was added directly to the top of the glass 
fiber matrix in the GFX column. After incubating the samples for 1 minute at room 
temperature, the tubes were centrifuged at 14,000 rpm for 1 minute to elute the DNA. 
 
2.5.1.6 Ligation 
The plasmid pJG4-5 was ligated with OSH7 using T4 DNA ligase based on the ratio of 
3:1 (insert:vector). Ligation was performed overnight at room temperature. 
  
2.5.1.7 Preparation of competent cells and transformation  
CaCl2 was dissolved in ddH2O at the concentration of 0.1 M and the solution was then 
sterilized by filtering through a 0.22 µm filter (Minisart) and kept at 4°C. A single 
colony of DH5α cells from a freshly streaked plate was picked and inoculated in 20 ml 
of LB medium. The culture was incubated overnight at 37°C with vigorous shaking at 
200 rpm. 1ml of the bacterial culture was transferred into another 20 ml of LB the 
second day and incubated at 37°C for 40 minutes or until OD600nm 0.3 – 0.4.  The cells 
were harvested by centrifugation at 3000 rpm for 5 minutes at 4°C and the bacterial 
pellet was resuspended in 5 ml of ice-cold 0.1 M CaCl2. After 15 minutes incubation 
on ice, the cells were centrifuged again at 3000 rpm for 5 minutes at 4°C and the pellet 
was resuspended in 1 ml of cold 0.1 M CaCl2. After another 15 minutes incubation on 
ice, the competent cells were ready for transformation. 
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2 µl of ligation mixture was added to 50 µl of competent cells. The mixture was 
incubated on ice for 30 minutes before switching to 42°C for 1 minute and promptly 
transferred back to ice. After 2 minutes incubation, 950 µl of LB was added and the 
sample was incubated at 37°C with vigorous shaking for 1 hour. 200 µl of transformed 
cells were then plated on LB plus ampicillin solid media. The plate was then incubated 
overnight at 37°C for colonies formation. 
 
2.5.1.8 Selection and DNA sequencing 
Plasmids obtained by small-scale   preparation were first digested for 2 hours at 37°C  
 
with  XhoI  and  EcoRI    to check  for the plasmid with insert. Since there is a   EcoRI  
 
restriction site in OSH7 sequence, a  ~700kb DNA  fragment   can be separated by 1%  
 
agarose   gel.   The plasmid was then   served   as   the template for DNA sequencing.  
 
BigDyeTM    Terminator   Cycle   Sequencing  Ready Reaction kit (Applied Biosystem  
 
from Perkin-Elmer Corp., Foster, CA, USA) was used. Sequencing reaction mixture 
consisting of 8 µl of Terminator Ready Reaction mix, 1 µl (~1 µg) of DNA template, 1 
µl of 50 µM appropriate primer (forward & reverse primer respectively) and 10 µl of 
deionized water was added in a 0.2 ml PCR tube and a thermal cycling was carried out 
according to the following program: 25 cycles of denaturation at 96 °C for 30 seconds, 
annealing of primer at 50°C for 15 seconds and extension at 60°C for 4 minutes. To 
precipitate the extended DNA, the extension reaction was incubated with 2.0 µl of 3 M 
sodium acetate and 50 µl of 95% ethanol at room temperature for 20 minutes. It was 
then centrifuged at 14,000 rpm for 30 minutes. The supernatant was then carefully 
aspirated and the pellet was rinsed with 250 µl of 70% ethanol followed by 
centrifugation at 14,000 rpm for 5 minutes. The air-dried sample was sent to the 
National University Medical Institutes sequencing lab for sequencing. 
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2.5.2 Other subclonings 
2.5.2.1 Generation of pJG4-5-OSH6cc construct 
The cloning procedures were almost the same as above. The plasmid pJG4-5-OSH6cc 
was constructed by inserting a 600 bp EcoRI to XhoI fragment carrying the coiled-coil 
domain of OSH6 into pJG4-5 vector. The primers used were: 5’-
CGGAATTCCAACCTCGTTCTTCACCAA-3’ and 5’-CCGCTCGAGCTATTGTTT 
TGCTGGGTTC-3’. The plasmid was obtained as described in 2.5.1. 
 
2.5.2.2 Generation of YEplac-OSH7-GFP and YCplac-OSH7-GFP constructs 
The primers: 5’-CCCAAGCTTCTCTCCCTTAGTGCTTGT-3’ and 5’-CGGGATCC 
ATTCTTTTGGATTCCATGC-3’were used to create a C-terminal GFP-tagged Osh7p 
under the control of its endogenous promotor. The PCR products and the plasmids 
YCplac111, YEplac181 were digested with BamHI and HindIII for three hours at 37°C 
and ligated together, following the procedures described in 2.5.1 to obtain the desirable 
plasmid with the correct insert. 
 
2.5.2.3 Generation of pADNS-OSH7 construct 
The primers: 5’-TCCGGATCCATGGCTCTCTCAATAAACTAA-3’ and 5’-TCCCC 
GCGGCGGCCGCCCGTCCCCTTGAT-3’ were used to amplify the OSH7 gene. The 
HindIII-NotI fragment of OSH7 was inserted into the HindIII-NotI sites of pADNS, 
which has an ADH1 promotor. The plasmid was obtained as described in 2.5.1. 
 
2.5.2.4 Generation of pGEX-4T-2-OSH7 construct 
The primers: 5’-TCGGATCCATGGCTCTCTCAATAAACTAA-3’ and 5’-CACTCG 
A CCGTCCCCTTGAT-3’ were used to create a N-terminal GST-tagged Osh7p. The 
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PCR products and the plasmid pGEX-4T-2 were digested with HindIII and XhoI for 
three hours at 37°C and ligated together, following the procedures described in 2.5.1 to 
obtain the desirable plasmid with the correct insert. 
 
2.6 DELETION OF OSH7 
2.6.1 PCR amplification and purification 
All genomic disruptions were done using the short flanking homology (SFH) PCR 
targeting method (Baudin et al., 1993) with slight modifications. A general outline of 
the SHF PCR targeting strategy is shown in Fig 10. For each ORF of OSH7, a pair of 
primers (S1+S2) was designed, which were used in a PCR reaction with linearized 
pFA6a-kanMX4 (Wach et al., 1994) as the template. The resulting 1.6 kb PCR product 
consists of kanMX4 flanked at one end by 50 bp homologous to the genomic sequence 
before the start codon of the ORF and at the other end by another 50 bp homologous to 
the genomic sequence after the stop codon of the ORF. Primers used were: 5’-
ATTCCTCCTTCTTTCATTTAGAAATAGAAACTAACCAGTAAATTAGAAACA
AAGACGTACGCTGCAGGTCGAC and 5’-TATTAAATTACAGAGTGAGAAAT 
CGTACTAGTATAATTAAAATAGAATGAGAAGCATCGATGAATTCCGAGCTC
G. PCR amplification was accomplished by 30 cycles of 95°C, 30s; 50°C, 45s; and 
72°C, 2 minutes in a standard 50 µl reaction according to described in 2.5.1. The PCR 




























Fig10. Outline of short flanking homology strategy for disruption of a targeted 
ORF. kanMX4 is amplified by PCR with primers S1 and S2, which contain homology 
to the kanMX4 gene at their 3’- end and 50 bp homology to the chromosomal target 
sequence of interest at their 5’- end. By homologous recombination, the PCR product 
replaces one copy of the target sequence in the genome.  
 
2.6.2 Transformation of kanMX4 into yeast cells 
Transformation was performed according to Gietz and Schiestl (1995). A 3 ml 
overnight culture of various yeast strains was refreshed in 50 ml of YPD medium and 
cells were grown to O.D600nm of 0.4. Cells were harvested in 50 ml falcon tube at 3000 
rpm for 5 minutes and washed with 25 ml of sterile water. 1 ml of 100 mM Lithium 
Acetate (LiAc) was used to wash the cells. The cells were transferred to a 1.5 ml 
eppendorf tube and pelleted at 3000 rpm for 5 minutes. 400 µl of 100 mM LiAc was 
used to resuspend the cells and 50 µl of cells were aliquoted into 1.5 ml eppendorf tube. 
Cells were pelleted, LiAc was removed and cells were placed on ice while preparing 
for carrier DNA. Carrier DNA (Salmon sperm DNA from Bio 101 Inc., USA) of 
concentration 2 mg/ml was boiled for 5 minutes and chilled on ice immediately after 
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boiling. 240 µl of 50% Polyethylene Glycol (PEG), 36 µl of 1 M LiAc, 25 µl of carrier 
DNA and 50 µl of kanMX4 PCR prodect (10 µg) were added according to the sequence 
listed to the cells. The cells were vortexed vigorously for 1 minute and incubated at 
30°C for 30 minutes. After which, the cells were transferred to 42°C and incubated for 
25 minutes. Cells were pelleted, the transformation mix was removed and 400 µl of 
sterile water was added to resuspend cell pellet. 200 µl of cells were plated onto 
selective solid medium and incubated at 30°C for 3-4 days. Selection of G418 
(geneticin)-resistant transformants was done on YPD supplemented with 200 mg/l 
G418. 
 
2.6.3 Selection of recombinants 
Verification of correct ORF replacement in the transfomants was performed by PCR. 
The verification strategy is shown in Fig11. In each case the 5’- end and the 3’- end 
junctions could be analyzed by separate PCR reactions performed with a primer 
homologous to kanMX4 and a primer designed to anneal outside the target locus 
(A1+K1 for 5’- end, A2+K2 for 3’- end; only 5’ end checking was performed in this 
study). 
 
After 3 days of growth, cells were picked and grown on 3ml of selective medium 
overnight at 30°C. Genomic DNA was extracted and used as template for PCR 
amplification. PCR was performed with Taq polymerase at 95°C for 30s, 50°C for 45s 



















Fig 11. PCR verification of disrupts. Each of the two fusion points between kanMX4 




2.7 SDS-PAGE GEL ELECTROPHORESIS  
2.7.1 Preparation of reagent and stock solution  
To prepare 4x buffer for separating gel (1.5 M Tris-HCl), 18.17 g Tris base and 4 ml 
10% SDS were dissolved in 100 ml H2O and 1 M HCl was used to adjust the pH to 8.8. 
6.06 g Tris base was used for stacking gel buffer (0.5 M Tris-HCl, pH 6.8). To prepare 
10x polyacrylamide running buffer, 30 g Tris base, 144 g glysine and 100 ml 10% 
SDS were dissolved in 1 L H2O while 0.0185 g bromophenol blue, 0.8 g SDS, 10 ml 
4x stacking buffer, and 8 ml glycerol were mixed together and completely dissolved to 
prepare SDS 4x sample loading buffer. Acrylamide solution (30%) consists of 30 g 
acrylamide and 0.8 g bisacrylamide in 100 ml H2O. 10% APS (ammonium persulfate) 







Table 3. Compositions of SDS-PAGE 
 Separating gel Stacking gel 
Gel percentage 7.5% 10% 12.5% 4% 
H2O 1.8 ml 1.5 ml 1.2 ml 1.6 ml 
Acrylamide solution 0.95 ml 1.25 ml 1.55 ml 0.25 ml 
Separation buffer 0.95 ml 0.95 ml 0.95 ml  
Stacking buffer    0.625 ml 
APS 56 µl 56 µl 56 µl 37.5 µl 
TEMED 2.5 µl 2.5 µl 2.5 µl 2.5 µl 
 
After adding the TEMED and APS into the separating gel-cocktail, the reagents were 
quickly mixed and poured into a mini-gel casting chamber. A length of 2.5 cm from 
the top was left empty. 100% ethanol was overlaid to cover the separating gel. After 
the separating gel was polymerized, the ethanol was removed; the stacking gel was 
prepared and poured on top of the separating gel. A comb was inserted into the 
stacking gel. The comb was removed after the stacking gel was polymerized.  
 
2.7.3 Loading samples and electrophoresis 
20 µl sample (15 µg of total protein) was boiled and loaded into each well; 10 µl of 
precise protein ladder (BioRad) was loaded in one of the wells. The samples were 





2.8 WESTERN BLOTTING 
The SDS-PAGE was taken out from the mini gel tank, soaked in the transfer buffer (25 
mM Tris, 0.2 M glycine, 0.05% SDS, 20% methanol, pH 8.3.) together with the 
nitrocellulose membrane and 4 pieces of filter paper of about the same size of the SDS-
PAGE. The SDS-PAGE, nitrocellulose membrane and the filter papers were stacked in 
the order of 2 filter papers, gel, nitrocellulose membrane and 2 filter papers. Protein 
transfer was done using semi-dry system (Biorad) at 25V for 1 hour to the 
nitrocellulose membrane. The membrane was then blocked overnight in blocking 
buffer (5% non-fat milk, 20 mM Tris, 137 mM NaCl, pH 7.4, 0.1% Tween-20, 0.05% 
sodium azide). After blocking, membrane was washed with TTBS (1 mM Tris, 13.7 
mM NaCl, 380 µl 1 M HCl adjust to pH 7.6 containing 0.1% Tween) for three times, 
10 minutes each. The membrane was then placed in primary antibodies diluted in 5 ml 
blocking buffer for 2 hours. After that, the membrane was washed with TTBS for 3 
times and incubated in TTBS buffer containing 1:3000 diluted secondary antibodies 
for 1 hour. The membrane was then thoroughly washed with TTBS buffer. Finally, the 
membrane was rinsed with water and blotted dry. The membrane was then incubated 
with chemiluminescent reagents (SuperSignal West Pico Chemiluminescent Substrate, 
Pierce, Rockford, IL, USA) for 1 minute. X-ray film (CL-X PosureTM, Pierce, USA) 
was exposed for a short period time depending on the strength of signal and processed 
with film processor (Kodak M35 X-OMAT, USA). 
 
2.9 YEAST TWO-HYBRID ASSAY 
Yeast two-hybrid system is a particularly useful approach to detect novel interacting 
proteins, but we use it to confirm the known interaction between Vps4p and Osh7p.  
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2.9.1 The strategy of interaction trap 
The strategy of the interaction trap is shown in Fig 12. EGY48 yeast cells contain two 
LexA operator-responsive reporters, one is a chromosomally integrated copy of the 
LEU2 gene (required for growth on –Leu medium), the second is a plasmid bearing a 
GAL1 promotor-lacZ fusion gene (causing yeast to turn blue on medium containing X-
gal). The cells also contain a constitutively expressed chimeric protein, consisting of 
the DNA-binding domain of LexA fused with bait, shown as being unable to activate 
either of the two reporters (Fig 12. (A)). EGY48/pSH18-34/bait-containing yeast cells 
have been additionally transformed with an activation domain-fused prey in pJG4-5 
plasmid. The two reporters cannot be activated when prey protein does not interact 
with bait protein (Fig 12. (B)), meanwhile, the activation of two reporters results from 
the interaction between bait and prey, thus causing growth on medium lacking Leu and 
blue colonies on medium containing X-gal (Fig 12. (C)). 
 
 
Fig12. The interaction trap. Symbols: black rectangle, LexA operator sequence; open 
circle, LexA protein; open pentagon, bait protein; open rectangle, prey protein; shaded 




2.9.2 Detecting in vivo interaction by yeast two-hybrid system 
2.9.2.1 Characterization of the bait protein Vps4p by repression assay 
The plasmid pLexA-VPS4 was a generous gift from Dr. Munn’s Laboratory in IMCB. 
After co-transforming pJK101 and pLexA-VPS4 into EGY48 strain, transformed cells 
were plated on Glu/SD-Ura-His dropout plates. The plate was incubated for 2 days at 
30°C to select for yeast cells that contain both plasmids and the colonies were then 
streaked to a master dropout plate. After incubation for another overnight at 30°C, the 
colonies were streaked to Gal/Raff/X-gal/SD-Ura-His dropout plate to check the self-
activation of the bait protein.  
 
2.9.2.2 Performing an interaction assay 
Eleven separate transformations were performed using the following combinations of 
plasmids: 
(1) pSH18-34 + pJG4-5-OSH7 + pLexA-VPS4 
(2) pSH18-34 + pJG4-5-OSH7 + pLexA-VPS4-C 
(3) pSH18-34 + pJG4-5-OSH7 + pLexA-VPS4-N 
(4) pSH18-34 + pJG4-5-OSH7 + pLexA-VPS4-AAA 
(5) pSH18-34 + pJG4-5-OSH6cc + pLexA-VPS4 
(6) pSH18-34 + pJG4-5 + pLexA-VPS4 
(7) pSH18-34 + pJG4-5-OSH7cc + pLexA-lam 
(8) pSH18-34 + pJG4-5-OSH7cc + pLexA- VPS4 
(9) pSH18-34 + pJG4-5-OSH7cc + pLexA- VPS4-C 
(10) pSH18-34 + pJG4-5-OSH7cc + pLexA- VPS4-N 
      (11) pSH18-34 + pJG4-5-OSH7cc + pLexA- VPS4-AAA 
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 It took three days for colonies formation and yeast cells harboring different 
combinations of plasmids were streaked to Glu/SD-Ura-His-Trp dropout master plates 
and the plates were incubated overnight at 30°C for cell growth. After master plates 
were streaked as described above, yeast cells were restreaked to Gal/Raff/SD-Ura-His-
Leu-Trp, Glu/SD-Ura-His-Leu-Trp, Glu/X-gal/SD-Ura-His-Trp and Gal/Raff/X-
gal/SD-Ura-His-Trp dropout plates respectively. Gal dependent activation and the 
specificity of the interaction were checked by justifying the color and viability of cells 
growing on each plate after 2 days incubation. 
 
2.9.2.3 Expression of prey protein under induction 
Those colonies showing the interaction were picked from the dropout master plate into 
5 ml Glu/SD-Ura-His-Trp liquid medium for overnight growth. Yeast cells were 
refreshed in 20 ml Gal/Raff/SD-Ura-His-Trp liquid medium and harvested after 4 
hours induction by spinning at 3000 rpm for 5 minutes. Cells were washed with 1 ml 
of water and transferred into eppendorf tubes. Cells were pelleted and washed with 
Yeast Extraction Buffer (20 mM HEPES, pH 7.5, 200 mM sorbitol, 100 mM 
potassium acetate, 10 mM MgCl2, 1 mM EDTA and 1 mM DTT) containing protease 
inhibitor. 200 µl of YEB was added to each tube and glass beads were filled to 4/5 
volume of tube. Cells were lysed using beads beater for 3 x 30s with 30s interval on 
ice. The tubes were centrifuged at 13,000 rpm for 15 minutes at 4°C. After 
centrifugation, the supernatant was transferred to a new tube. Protein samples were 
added with SDS loading buffer and 1% mercaptoethanol before boiling. The protein 
samples were separated on 12% SDS-PAGE and subjected to Western blotting to test 
the expression level of the prey protein. Anti-HA polyclonal antibody was used. 
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2.9.2.4 β-Galactosidase assay 
The overnight yeast culture was refreshed to OD600 0.5-0.8, meanwhile, ONPG was 
dissolved at 4 mg/ml in Z buffer (Na2HPO4, 16.1 g/L, NaH2PO4, 5.5 g/L, KCl, 0.75 
g/L, MgSO4, 0.246 g/L) with shaking for 1-2 hours. The exact OD600 was measured 
when cells were harvested. 1.5 ml of culture was placed into each of three 1.5 ml 
eppendorf tubes and centrifuged at 14,000 rpm for 30 seconds. After removing the 
supernatant, 1.5 ml of Z buffer was added into each tube and the tubes were 
subsequently vortexed until cells were resuspended. The tubes were centrifuged again 
and supernatants were removed. Each pellet was resuspended in 300 µl Z buffer. Thus 
the concentration factor is 1.5/0.3=5 fold. After transferring 0.1 ml cell suspension to a 
fresh eppendorf tube, the tubes were placed in liquid nitrogen until the cells are frozen 
(0.5-1 minute). Then the tubes were placed in a 37°C water bath for 0.5-1 minute to 
thaw. The freeze/thaw cycle was repeated two more times to ensure that the cells had 
been broken completely. A blank tube with 100 µl Z buffer was set up for further 
usage. 0.7 ml of Z buffer + β-mercaptoethanol was added to the reaction and blank 
tubes. Timer was immediately started after adding 160 µl ONPG to the reaction and 
blank tubes. All tubes were then placed in a 30°C incubator. After the yellow color 
developed, 0.4 ml of 1 M Na2CO3 was added to the reaction and blank tubes.  The 
elapsed time was recorded in minutes. The reaction tubes were centrifuged for 10 
minutes at 14,000 rpm to pellet cell debris and the OD420 were measured relative to the 
blank tube. β-Galactosidase units was calculated following the formula: 
β-Galactosidase units = 1,000 × OD420/(t x V × OD600) 
where:                      t = elapsed time (in min) of incubation 
                                V = 0.1ml × concentration factor 
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2.10 FLUORESCENCE MICROSCOPY 
To examine GFP fluorescence, cells were grown to log phase (OD600 = 0.5-0.6) in 
minimal medium supplemented with required nutrients and resuspended in PBS for 
visualization. 2 µl of resuspended cell pellet was gently spreaded on a glass slide by 
application of a coverslip. Visualization of living cells was performed on a Leica 
DMLB (Leica Pte. Ltd., Singapore) microscopy fitted with differential contrast 
(Nomarski) and appropriate fluorescence light filters. 
 
2.11 SUBCELLULAR LOCALIZATION OF PROTEIN 
2.11.1 Subcellular fractionation 
Cells transformed with plasmids were fractionated using differential centrifugation as 
described in Gerrad et al (2002). 20 ml of cells were grown in respective selection 
medium to OD600nm of 0.6 and then incubated in 1 ml of 50 mM Tris-HCl, pH 8.0, 1% 
2-mercaptoethonal for 10 minutes at 30°C. Cells were converted to spheroplasts by 
treatment with zymolyase (150 µg/ml) in 1 ml of 1.2 M sorbitol, 50 mM potassium 
phosphate, pH 7.5, 1 mM magnesium chloride at 30°C for 40 minutes. Spheroplasts 
were washed once in 1.2 M sorbitol prior to osmotic lysis in 1.3 ml of 0.2 M sorbitol, 
50 mM Tris-HCl, pH 7.5, 1 mM EDTA containing protease inhibitors. Unbroken cells 
and cell debris were removed by centrifugation for 5 minutes at 500 × g. Subsequent 
steps were performed at 4°C. 1.2 ml of whole cell extract (WCE) were obtained and 1 
ml of WCE was subjected to a further centrifugation at 13,000 × g for 10 minutes in 
Beckman TL-100 yielding a P13 (pellet) fraction. The resulting supernatant fraction 
was subjected to another centrifugation at 100,000 × g for 1 hour, giving P100 (pellet) 
and S100 (supernatant) fractions. The P13 and P100 fractions were resuspended in 40 
µl of loading buffer (8 M urea, 5% SDS, 40 mM Tris-HCl, pH 6.8, 0.1 mM EDTA, 0.4 
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mg/ml Bromophenol blue and 10% 2-mercaptoethanol). Proteins were precipitated 
from WCE and S100 using 10% Trichloroacetic acid (TCA) and resuspended in 40 µl 
of loading buffer. Upon addition of loading buffer into the pellet of WCE and S100 
fraction, change of color of the loading buffer was observed and 1 M Tris base was 
added to sample till it turned back to blue. 
 
2.11.2 Flotation assay 
Flotation assay was performed as described in Babst et al. (1998). The P13 fraction 
obtained from subcellular fractionation was resuspended in 1.2 ml of lysis buffer 
(0.2M sorbitol, 50 mM potassium acetate, 20 mM HEPES, pH 6.8, 2 mM EDTA) and 
dounced for 10 times. It was then supplemented with 60% sucrose and loaded beneath 
1.8 ml of 55% and 1.8 ml of 35% sucrose steps. The tube was spun for 14-18 hours at 
200,000 × g using Beckman SW41. After spinning, three fractions were collected: the 
top 2.4 ml (Float fraction), remaining 2.1 ml (Non-float fraction) and the sediment 
(Pellet fraction). F and N fraction were precipitated with 10% TCA and pellet obtained 
was dissolved with SDS loading buffer. The P13 fraction was also resuspended in 1% 
Triton X-100 and centrifuged at 100,000 × g for 45 minutes.  
 
2.11.3 Detergent treatment assay of membranous fraction 
Detergent treatment assay was performed as described (Horazdovsky and Emr, 1993). 
To determine the nature of the association of Osh7p with P13 fraction, equal aliquots 
of a whole cell extract protein fraction were subjected to centrifugation at 13 × 000 g 
to generate P13 fractions. The resulting P13 fractions were pretreated with 6 M Urea, 
1M NaCl, 1% Triton X-100, 0.1 M Na2CO3, pH 11.0) or lysis buffer (0.2 M sorbitol, 
50 mM potassium acetate, 20 mM HEPES, pH 6.8, 2 mM EDTA), and incubated for 
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10 minutes on ice. The samples were then subjected to 13,000 × g centrifugation. The 
supernatant fractions were carefully removed and the protein products precipitated 
with trichloroacetic acid at a final concentration of 10%. The pellet fractions were 
suspended directly in 40 µl of loading buffer (8 M urea, 5% SDS, 40 mM Tris-HCl, 
pH 6.8, 0.1 mM EDTA, 0.4 mg/ml Bromophenol blue and 10% 2-mercaptoethanol) 
and subjected to Western blotting. Trichloroacetic acid pellets were resuspended in 40 
µl of loading buffer and subjected to Western blotting. 
 
2.11.4 Sucrose density gradient 
Sucrose density gradient was performed as described (Kolling and Hollenberg, 1994). 
400 ml cell culture was grew to OD600 0.3-0.4 (~1 × 107) and cells were harvested by 
centrifugation at 2000 ×g for 10 minutes at 4°C using JA-14 rotor (Beckman). Cell 
pellet was subsequently washed twice in 50 ml ice cold water with 10 mM NaF and 10 
mM NaN3. Cell pellet was resuspended in 1 ml water and transferred to an eppendorf 
tube. Cells were pelleted down again at 300 ×g for 2 minutes at 4°C in a benchtop 
centrifuge using F2402H rotor (Beckman). Cell pellet was resuspended in 75 µl 
STED10 (10% sucrose, w/w; STED = sucrose, 10 mM Tris-HCl, pH 7.6, 1 mM EDTA, 
1 mM DTT containing protease inhibitors such as aprotinin, leupeptin, pepstatin A, 
PMSF). Cells were lysed in a beads beater after filling the tube ¾ full with glass beads. 
200 µl of STED10 was then added to each tube and a hole pierced in the lid and 
bottom of each tube, which was placed inside fresh tubes and centrifuged briefly to 
collect all cell lysate. 600 µl of STED10 was added to the tube and mixed with the 
lysate sample. The lysate was cleared of cell debris by centrifugation at 300×g for 5 
minutes at 4°C. The supernatant was carefully transferred to a new tube. 1 ml of 
supernatant was layered on top of sucrose gradient. Sucrose gradients was prepared 
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before lysing the cells as follows: In a SW41 centrifuge tube, 3.8 ml of STED53 (53% 
sucrose, w/w), STED35 (35% sucrose, w/w) and 3.8 ml STED20 (20% sucrose, w/w) 
were layered on top of each other. The centrifuge tube was sealed at the top using 
parafilm and slowly turned to a horizontal position. After 3-5 hours of horizontal 
diffusion, the gradients were again turned into an upright position and cell lysate was 
loaded on top of the gradients. After 14-17 hours centrifugation at 30,000 rpm in a 
SW41 rotor (Beckman), 13 fractions of 920 µl were collected. 40 µl of each fraction 
was mixed with 5x sample buffer and heated at 90°C for 2 minutes. 40 µl sample was 
enough to load on a gel for Western blotting. 
 
2.12 FLUID-PHASE ENDOCYTOSIS ASSAY 
Fluid-phase endocytosis was measured by uptake and vacuolar accumulation of the 
fluorescent dye Lucifer Yellow carbohydrazide (LY). Cells were grown in YPD at 
24°C to 0.75-1 × 107 cells/ml, concentrated to 1 x 108 cells/ml in YPD containing 5 
mg/ml LY, and incubated for 1 hour at 30°C. Cells were then washed three times with 
wash buffer (10 mM NaF and 10 mM NaN3) and examined microscopically for 
vacuolar LY as described (Munn et al., 1994).  
 
2.13 FM4-64 ENDOCYTOSIS ASSAY 
Endocytosis of plasma membrane was assayed by uptake and vacuolar membrane 
accumulation of the lipid-soluble styryl dye FM4-64 (Vida and Emr, 1995). Cells were 
grown in YPD at 24°C to 0.75-1 × 107 cells/ml. Culture containing 5 x 108 cells was 
chilled and the cells were harvested. Cells were then resuspended in 50 ml ice-cold 
YPD and FM4-64 was added to a final concentration of 2 mM. The cells were then 
incubated at 15°C for 20 minutes.  A sample of cells was taken (0 minute) and 
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membrane transport was stopped by addition of sodium azide and sodium fluoride to 
12 mM each and chilling on ice. The remaining cells were then washed in ice-cold 
YPD to remove cell surface FM4-64, resuspended in YPD prewarmed to 30°C, and a 
second sample of cells was taken and treated as described above (0 minute wash). The 
reminder of the cells was incubated at 30°C and at 5, 10, 15 and 30 minutes, cells were 
taken and treated as described above. Each sample of cells was washed twice in 50 
mM sodium phosphate, pH 7, containing 10 mM each of sodium azide and sodium 
fluoride and viewed under a fluorescence microscopy using Texas Red light filters to 
visualize FM4-64.  
 
2.14 CARBOXYPEPTIDASE Y MISSORTING ASSAY 
Missorting of the soluble vacuolar protease CPY to the cell surface was examined as 
described by Rothman and Stevens (1986). Cells were grown on YPD solid medium at 
30°C in contact with a nitrocellulose membrane for 2 days. Western blotting was 
performed on the membrane with anti-CPY monoclonal antiserum followed by horse 
radish peroxidase-conjugated anti-mouse antibodies (1:3000 dilution). The film was 
then developed using enhanced chemiluminescent detection (ECL). 
 
2.15 LIPID ASSAY 
2.15.1 In vivo neutral lipid synthesis assay 
This protocol is optimized for 2-5 mg (dry weight) cell pellet. Cells were grown into 
log-phase (OD600 0.5-0.8) at 30°C and labeled with [3H] oleate (1 µCi/ml) in tyloxapol-
ethanol (1:1) for one hour. Cells were harvested after incubation and washed three 
times in 5 ml 0.5% tergitol and once in water. Then cells were transferred to eppendorf 
tubes and centrifuged at 13,000 rpm to remove the supernatant completely. Samples 
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were frozen at -70°C prior to being lyophilized overnight. The lyophilized cell pellets 
were weighed and resuspended in 50 µl of lyticase stock solution (lyticase: 1700 
units/ml in 10% glycerol, 0.02% azide, store at –20oC) for 15 minutes at 37°C to 
remove the cell wall. Treated cell suspensions were incubated at -70°C for 1 hour and 
37°C for 15 minutes and vortexed with 200 µl isopropanol containing 0.25 µl [14C] 
cholesterol. Lipids were extracted with 5 ml of hexane and 5 ml of KCl (2 M): MeOH 
(4:1). The organic layer was collected after centrifugation at 3000 × g for 5 minutes. 
After the organic phases were dried down, the extracted lipids were resuspended in 
100 µl of CHCl3: MeOH (2:1). Samples were streaked onto precoated silica gel thin-
layer chromatography (TLC) plates and the plates were developed in hexane: diethyl 
ether: acetic acid at a ratio of 70:30:1. Lipid mass was visualized on TLC plates 
following exposure to iodine vapor. Triglyceride and ergosterol ester were scraped 
from the TLC plates according to lipid standards and incorporations of [3H] oleate 
were measured by liquid scintillation counter (Beckman). Incorporation of label into 
triglyceride and ergosterol ester was ascertained after scintillation counting and 
normalization to a [14C] cholesterol internal standard and the dry weight of the cells.  
 
2.15.2 Sterol biosynthesis assay 
The incorporation of [14C] acetate into saponified lipids was assessed as a 
measurement of sterol biosyhthesis. Sterol lipids were saponified and extracted using a 
modification of a published method (Hampton and Rine, 1994). For triplicate analysis 
of the same culture, 6ml of exponentially growing yeast were split into three equal 
volumes and labeled by [C14] acetate acid for three hours (10 µCi per sample). The 
cells were harvested by centrifugation at 3000 × g for 5 minutes and washed twice with 
4 ml of distilled water. Pellets were resuspended in 500 µl of 0.1 M HCl and placed in 
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a boiling water bath for 20 minutes. After centrifugation, cells were washed twice with 
5 ml distilled water and then the cell pellets were resuspended in 100 µl 67% methanol. 
Then 100 µl glass beads were added to the mixture, and cells were lysed by vortexing 
twice for 3 minutes each. To the glass beads slurry, 1 ml methanol and 0.5 ml 60% 
KOH were added, and the suspension was heated at 70°C for two hours. Free sterols 
were isolated with two 2 ml hexane extractions. To normalize the estimate of sterol 
biosynthesis to incorporation of acetate into the fatty acid pool, the aqueous lysates 
remaining after hexane extraction were further acidified with 1 ml concentrated HCl 
and re-extracted with 1 ml of hexane. The samples were dried under nitrogen and 
resuspended in 300 µl chloroform:methanol (2:1). The samples were subjected to TLC 
plate and the incorporations of [14C] acetate into fatty acid were measured by liquid 
scintillation counter. 
 
2. 15.3 Total ergosterol analysis 
Sterol lipids were saponified and extracted using a modification of a published method 
(Hampton and Rine, 1994). For triplicate analysis of the same culture, 300 ml of 
exponentially growing yeast (OD600nm 0.6-1.0) were split into three equal volumes and 
1 ml of yeast culture from each tube was taken out for measuring cell dry weight. The 
remaining yeast cells were harvested by centrifugation and washed once with equal 
volume of distilled waster. Pellets were resuspended in 2.5 ml 0.1 M HCl and placed in 
a boiling water bath for 20 minutes. After centrifugation, cells were washed twice with 
5 ml of distilled water and then the cell pellets were resuspended in 0.5 ml 67% 
methanol. Glass beads were added to the mixture, and cells were lysed by vortexing 
twice for 3 minutes each. To the glass bead slurry, 2.5 ml of methanol and 1.25 ml of 
60% KOH were added and the suspension was heated at 70°C for 90 minutes. Total 
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sterols were isolated with two 5 ml hexane extraction, after which 0.5 g anhydrous 
Na2SO4 was added to the extracts. As an internal standard, 50 µl of a 1.00 mg/ml 
solution of cholesterol in ether was added to each hexane extract. The solvents was 
evaporated under nitrogen and resuspended in 300 µl chloroform:methanol (2:1). The 
quantitative measurement of ergosterol was performed using GC. Ergosterol was 
quantified from peak area ratios compared to the internal standard peak. Ergosterol 
was normalized to cell dry weight.  
 
 
2.16 PROTEIN-LIPID OVERLAY ASSAY 
2.16.1 Purification of recombinant GST-Osh7p and GST proteins 
2.16.1.1 Preparation of the bacterial lysate 
After transforming the pGEX-4T-2-OSH7 and pGEX plasmids into BL21 E.coli. 
respectively, 500 ml of each cell culture in LB medium containing 0.1mg/ml 
ampicillin was grown at 37°C until OD600   to 0.4. Protein expression was induced by 
adding IPTG to a final concentration of 0.25 mM. After 3 hours induction at 37°C, 
cells were harvested by centrifugation at 1,000 × g for 5 minutes. Cell pellet was 
resuspended in 25 ml ice-cold 1×PBS buffer (1.9 mM NaH2PO4, 8.1 mM Na2HPO4, 
150 mM NaCl, pH 7.4) and lysed the cells in a VibraCell Sonicator with the total burst 
time of 4 minutes (10 seconds on and 10 seconds off). Cell debris was spun down and 
supernatant was transferred to a new tube. 
 
2.16.1.2 Affinity chromatography to purify the GST-Osh7p and GST proteins 
GST-Osh7p and GST proteins were purified by affinity chromatography using 
immobilized glutathione-Sepharose 4B, referred to here as “beads”. 1 ml of beads was 
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equilibrated by resuspending and pelleting the beads three times in 15 ml PBS buffer at 
3000 × g for 30 seconds. 1 ml of equilibrated beads was incubated with 25 ml cell 
lysate for 1 hour at 4°C. Beads were washed for four times with 10 ml PBS buffer and 
the bound GST-Osh7p and GST protein was eluted at room temperature with 0.5 ml 
PBS buffer for three times. The eluted proteins were subjected to SDS-PAGE to check 
the purity of the proteins. 
 
2.16.2 Protein-lipid overlay assay 
The PIP strips were commercially available from echelon, USA. The strips were 
incubated in blocking buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.1% Tween-
20, 2 mg/ml fatty acid-free BSA) with gentle rocking. The strips were then incubated 
in blocking buffer containing either 10 nM of GST-Osh7p or GST alone and washed 
ten times over 50 minutes in TBST (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.1% 
Tween-20). Anti-GST polyclonal antibody and HRP-conjugated anti-rabbit secondary 
antibody were used to detect the lipid binding protein bound to the strips. 
 
2.17 PRODUCTION OF ANTIBODY AGAINST Osh7p 
The OSH7 coding sequence was fused in frame to the coding region for glutathione-S-
transferase in the E.coli expression vector pGEX-4T-2 (Amersham Pharmacia Biotech). 
The fusion protein was expressed in E.coli and purified using glutathione resin as 
described in 2.16.1. The purified GST-OSH7 protein chimera was injected into rabbit 
subcutaneously for the production of anti-Osh7p. For the first injection, 0.5 mg of 
GST-OSH7 protein was mixed with equal volume of complete adjuvant perfectly 
before injection. Incomplete adjuvant was used to mix with antigen for the boost 
injection. The rabbit was boosted once per month. After drawing blood from rabbit, the 
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samples were subjected to centrifugation at 1000 rpm for 5 minutes to separate blood 

















































3.1 Osh7p INTERACTS SPECIFICALLY WITH Vps4p 
 
3.1.1 Vps4p interacts with Osh7p in the yeast two-hybrid system 
The VPS4 gene product is a member of the AAA (ATPase associated with a variety of 
cellular activities) family of ATPases and it has been shown to be necessary for 
efficient protein transport from an endosomal compartment to the vacuole. The 
biochemical and mutational analysis of VPS4 suggested that Vps4p might express its 
essential functions when associated with other proteins. 
 
Two-hybrid screening was performed by Ms. Regina Zahn (Dr. Alan Munn laboratory, 
IMCB) to identify proteins that may physically interact with Vps4p. The bait plasmid 
was constructed by fusing full length VPS4 ORF to the DNA-binding LexA protein. 
Before performing the two-hybrid assay, bait protein Vps4p encoded by pLexA-VPS4 
was characterized by repression assay. With appropriate positive and negative controls, 
cells containing both pLexA-VPS4 and pJK101 plasmids remained white on 
Gal/Raff/X-gal/SD-Ura-His dropout plate (data not shown). These data established that 
the Vps4p bait protein was a stable protein in yeast, that it was capable of entering the 
nucleus and binding LexA operator sites and it did not appreciably activate 
transcription of the LexA operator-based reporter genes. 
 
 After characterization of the bait protein, a two-hybrid screening was performed by 
Ms. Regina Zahn (Dr. Alan Munn laboratory, IMCB). After screening the yeast 
genomic DNA library fused with the activating domain vector pJG4-5, the coiled-coil 
domain of an oxysterol-binding protein homologue, OSH7 (YHR001w), was identified 
among others to interact with Vps4p. Since false-positive colonies are often identified 
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in the yeast two-hybrid assays, I further confirmed the interaction by assessing its 
specificity based on the two-hybrid data from Dr. Alan Munn’s laboratory. Therefore, 
another two plasmids were constructed by fusing full length of OSH7 and the coiled-
coil domain of OSH6 to vector pJG4-5 to confirm the specificity of the interaction 
between Vps4p and Osh7p. Furthermore, three plasmids were constructed by fusing 
the N-terminus (1-127aa), the C-terminus (351-438aa) and the AAA domains (128-
350aa) of Vps4p to the vector pLexA respectively to determine the interaction domain 
of Vps4p. Different combinations of plasmids were co-transformed into EGY48 to find 
out the interaction domain of these two proteins as well as test the specificity of the 
interaction, the combinations were as follows: 
(10) pSH18-34 + pJG4-5-OSH7 + pLexA-VPS4 
(11) pSH18-34 + pJG4-5-OSH7 + pLexA-VPS4-C 
(12) pSH18-34 + pJG4-5-OSH7 + pLexA-VPS4-N 
(13) pSH18-34 + pJG4-5-OSH7 + pLexA-VPS4-AAA 
(14) pSH18-34 + pJG4-5-OSH6cc + pLexA-VPS4 
(15) pSH18-34 + pJG4-5 + pLexA-VPS4 
(16) pSH18-34 + pJG4-5-OSH7cc + pLexA-lam 
(17) pSH18-34 + pJG4-5-OSH7cc + pLexA- VPS4 
(18) pSH18-34 + pJG4-5-OSH7cc + pLexA- VPS4-C 
(10) pSH18-34 + pJG4-5-OSH7cc + pLexA- VPS4-N 
      (11) pSH18-34 + pJG4-5-OSH7cc + pLexA- VPS4-AAA 
 
Cells harboring both pLexA-VPS4 and pJG4-5-OSH7cc plasmids showed blue 
colonies and could survive on –Leu plate under the induction of galactose (Fig 13.). 
Thus, strong interaction was detected between Vps4p and Osh7cc. Light blue colonies 
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and slow growth on –Leu plate showed a weak interaction between Vps4p and full 
length Osh7p. Besides, when three different domains of Vps4p were used to detect the 
interaction with both the coiled-coil domain and full length Osh7p in the two-hybrid 
assay, the coiled-coil domain of Osh7p has weak interactions with N-terminus and C-
terminus of Vps4p. There is a conventional coiled-coil domain located at the N-
terminus of Vps4p. Those colonies containing empty plasmids pJG4-5 and pLexA-
Lam could not turn blue or survive on the –Leu plate after 4 days incubation. No 
interaction between Vps4p and Osh6cc was detected in this assay.   
 
Taken together, the interaction between Osh7cc and Vps4p could reconstitute the 
function of the transcriptional activator and lead to transcription of the reporter genes 
only under the induction of galactose.  Weak interaction between Vps4p and full 
length Osh7p was also detected in this assay. Since the conventional coiled-coil 
domain is located at the N-terminus of Vps4p, this interaction may be mediated by the 
coiled-coil motifs of Osh7p and the N- terminus of Vps4p based on the two-hybrid 
data. It is possible that there is an unconventional coiled-coil domain at the C-terminus 
of Vps4p, which also play a role in the interaction between Osh7p and Vps4p.This 
interaction is specific to Osh7p given that no interaction was detected between Osh6cc 
and Vps4p although OSH6 shows 81% homology with OSH7. However, the possibility 
that Vps4p interacts with Osh6p through other interaction domains cannot be excluded. 
Empty plasmids pJG4-5 and pLexA-lam were used as a negative control to the two-
hybrid assay.  
 
The interaction was further verified and quantified by β-Galactosidase activity assay, 
which demonstrated that the interaction between Vps4p and Osh7cc was 7 times 
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stronger than that between Vps4p and full length Osh7p (shown in Fig 13 B.). 
Expression of the prey protein under the induction of galactose was also confirmed by 
Western blotting using anti-HA polyclonal antibody (data not shown). 
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                                                       Substrate: ONPG 
                                                                  (B) 
Fig 13. Vps4p and Osh7p interact in vivo. (A) Left panel: Cells harboring different 
combinations of plasmids were grown on X-gal plate to check the expression of the 
lacZ under the induction of galactose. Right panel: The same colonies were restreaked 
to –Leu plate to check the synthesis of the reporter gene --- leucine under the induction 
of galactose. (B) Cells were lyzed by freeze and thaw cycles and treated by Z buffer + 
β-mercaptoethanol, ONPG was added to the reaction to develop yellow color. β-
galactosidase activities could be calculated following a standard formula: 
β-Galactosidase units = 1,000 × OD420/(t x V × OD600) 
where:                      t = elapsed time (in min) of incubation 
                                V = 0.1ml × concentration factor 
Unit definition: One unit of β-Galactosidase hydrolyzes 1 micromole of o-nitrophenyl- 




3.1.2 Vps4p and Osh7p interact in vitro 
In vitro binding assay was performed by Ms. Chieu Hai Kee to further confirm the 
interaction between Osh7p and Vps4p. Full length Osh7 protein and the coiled-coil 
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domain of Osh7p (Osh7cc) fused with GST coupled to Glutathione beads was used to 
pull down Vps4p fused with myc. The fusion protein Vps4p-myc was proven to be 
functional and soluble (data not shown) before performing the pull-down assay. GST 
alone did not manage to pull-down any protein but a distinct band corresponding to the 
size of Vps4-myc was noted when Osh7cc and Osh7p fusion protein were used. Since 
equal amount of proteins were used to perform pull-down assay and equal amounts of 
beads were used to load SDS-PAGE, Osh7cc had pulled down more Vps4p-myc than 
Osh7p (Fig 14. Ms. Chieu Hai Kee, Dr. Robert Yang’s laboratory, unpublished data). 
Therefore, the binding of Osh7cc to Vps4p is stronger than the binding of Osh7p to 
Vps4p, just as what we had observed in two-hybrid assay.  We also tried to determine 
the effect of ATP on the binding between these two proteins. As Vps4p belongs to an 
AAA ATPase protein family, which could regulate the membrane association of other 
proteins, ATP hydrolysis by Vps4p might cause the dissociation of Vps4p from other 
proteins or protein complex. Thus, the binding affinity between the two proteins might 
not be that strong in the presence of ATP. Therefore, 1 unit of apyrase was added to 
determine if it would affect the binding affinity, which can cause ATP hydrolysis. 
From the experiment done by my colleague Ms. Chieu Hai Kee, more Vps4p-myc was 
detected after adding apyrase, which is consistent with the hypothesis that proteins 
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Fig 14. Vps4p and GST-Osh7cc interacts in vitro. S100 fraction of the yeast lysates 
(containing Vps4p-myc) was incubated with the GST and GST fusion proteins that 
were coupled to beads. Bound proteins were resolved on a 12% SDS page gel and 
analysed by western blot with monoclonal  anti-myc antibodies. Lane1, S100 fraction 
of the yeast lysates (containing Vps4p-myc). 600µl of S100 fraction of the yeast lysate 
was incubated with GST (lane 2, 3), GST-OSH7 (lane 4, 5) and GST-OSH7cc (lane 6, 
7) in the presence and absence of 1 unit of apyrase. 
 
3.2 DELETION OF VPS4 CAUSES REDISTRIBUTION OF Osh7p 
3.2.1 Osh7p-GFP shows different staining patterns in wild-type and vps4∆ strains 
I next investigated the intracellular localization of Osh7p by tagging the protein at its 
C-terminus with GFP (OSH7-GFP). The function of this fusion protein Osh7p-GFP 
had to be proven before proceeding with following experiments. SEY6326 is a strain 
in which all the OSH genes had been deleted except OSH2, which was under a 
repressible promoter, MET. In the presence of normal amount of methionine (met), 
OSH2 gene will be transcribed; but in the presence of added methionine (2 mM), 
expression of OSH2 was repressed and the strain failed to grow (Beh et al., 2001). 
When the fusion protein Osh7p-GFP was expressed in SEY6326, it was able to 
maintain growth when the MET promoter was repressed, indicating that GFP fusion 






























 In vivo activity of Osh7p-GFP. JRY6326 was transformed with an empty 
 pRS316 or with plasmids expressing OSH7 either tagged or untagged by GFP 
aked to the plate containing either normal amount of methionine or 2 mM 
ine.  
OSH7-GFP construct was used to analyze the localization of Osh7p in both 
e cells and vps4∆ cells by fluorescence microscopy. When live yeast cells 
ng the GFP fusion protein were examined in mid-log phase, Osh7p-GFP was 
tly diffused throughout the cytoplasm in wild-type cells, it is possible that there 
an organelle associated with Osh7p masked by the cytosolic pool. Meanwhile, 
rescence staining of Osh7p-GFP in vps4∆ cells was stronger than wild-type 
d showed a different staining pattern: there were several small punctate 
s besides the diffused staining throughout the cell, suggesting a membrane 
ed pool (Fig 16.). The different staining patterns of Osh7p-GFP in wild-type 
∆ cells indicated a redistribution of Osh7p caused by loss of VPS4. 
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Fig 16. Osh7p-GFP shows different localizations in wild-type and vps4∆ cells. 
OSH7-GFP plasmid was transformed in wild-type and vps4∆ mutant cells. The cells 
were analyzed by fluorescence (left) or Normaski (right) microscopy. Pictures were 
taken under same exposure time. 
  
3.2.2 In vivo production and distribution of Osh7p depend on Vps4p function. 
The OSH7 encodes a 437 amino acid protein with a predicted molecular weight of 48 
kDa. A GST-Osh7p fusion protein was used to raise specific antiserum against Osh7p. 
An OSH7 HindIII-XhoI gene fragment encoding the open reading frame of Osh7p was 
fused in frame to the GST gene. This fusion construct was expressed at high levels in 
E. coli. The fusion protein was purified and used for the production of polyclonal 
antibody against Osh7p. Antiserum raised against Osh7p recognized a protein with 
apparent molecular weight of ~54 kDa, which was present in protein extracts from 
wild-type cells but not from the corresponding deletion strain and no protein was 
recognized when the preimmune serum was used (Fig 17.). The difference between the 








Fig 17. Specificity of anti-Osh7p polyclonal antibody. Protein extracts from wild-
type (Y00000) and osh7∆ cells were loaded on 12% SDS-PAGE for Western blotting. 
Lanes 1 and 3, protein extracts from wild-type cells. Lane 2, protein extracts from 
osh7∆ strain. Lane 1 and lane 2 were incubated with anti-Osh7p serum (1:1000). 
Lane3 was incubated with preimmune serum. 




Since the fluorescence staining of Osh7p-GFP in vps4∆ cells was stronger than that in 
wild-type cells, I speculated it might due to the expression level of Osh7p-GFP was 
higher in vps4∆ cells. Subsequently, Osh7p production levels in wild-type and vps4∆ 
cells were examined by Western blotting using anti-Osh7p polyclonal antiserum. As 
shown in Fig 18.,  there is an apparent increase in the production of Osh7p in vps4∆ 
cells compared to wild-type cells and this increase in specific to vps4∆ strain, but not 
other class E vps mutants. Hexokinase is a soluble protein, whose expression level is 
not affected by deletion of VPS4. Polyclonal antibody against hexokinase was used to 
reprobed the membrane as a control to make sure equal amount of protein was loaded 
in each lane  (data not shown). Whether the over-production of Osh7p in vps4∆ cells is 
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Figure 18. Osh7p is over-produced in vps4∆ cells. Protein extracts from wild-type 
(Y00000) and vps4∆ cells were loaded on a 12% SDS-PAGE for Western blotting. 
Lane 1, vps23∆; Lane 2,  vps36∆; Lane 3, vps27∆; Lane 4, vps4∆; Lane 5, wild-type. 
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To further investigate the relationship between Osh7p and Vps4p, subcellular 
fractionation and sucrose density gradient analysis were carried out to localize Osh7p 
in wild-type and vps4∆ cells using anti-Osh7p antibody (Fig 19. and Fig 20.). 


















Fig 19. Effects of loss of Vps4p on the subcellular distribution of Osh7p. (A) 
Protein extracts from wild-type (Y00000) and vps4∆ cells were fractionated by 
centrifugation at 13,000 × g resulting in supernatant (S13) and pellet (P13) fractions. 
The S13 was further separated by an additional centrifugation at 100,000 × g for 1 
hour (soluble fraction, S100; pellet fraction, P100). Samples were loaded on a 12% 
SDS-PAGE followed by Western blotting.  (B) The same membrane was stripped and 
reprobed with anti-hexokinase polyclonal antibody and anti-Dpm1p monoclonal 
antibody to confirm the membranous fraction and soluble fraction can be separated 
completely by this method. 
 
 In this subcellular fractionation experiment, soluble proteins present in S100 fraction, 
P13 fraction represents the large membranous compartments or large protein complex. 
The majority of the vacuolar membrane marker protein, alkaline phosphatase, was 
found in the P13 fraction. Other large membrane structures such as the plasma 
membrane and endoplasmic reticulum (Dpm1p), in addition to the mitochondria and 
nucleus, are also expected to be part of this fraction. P100 fraction represents the 
proteins from either Golgi membrane or small vesicles that do not quantitatively pellet 
at 13,000 × g or possibly with a large nonmembranous complex (such as yeast 
cytoskeletal fragments). In wild-type cells, Osh7p mainly distributed in S100 fraction 
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with a minor pool in the P100 fraction. In vps4∆ cells, a significant portion of the 
Osh7p redistributed to P13 fraction with the majority remaining in S100 fraction and 
the minor pool in P100 still existed. To check if this method could separate 
membranous proteins from soluble proteins completely, anti-hexokinase polyclonal 
antibody and anti-Dpm1p monoclonal antibody were used to reprobe the same 
membrane. Hexokinase and Dpm1p, marker proteins in cytosol and ER respectively, 
could be detected either in S100 or P13 fraction only. To confirm that the 
redistribution of Osh7p is due to VPS4 deletion, I transformed YCplac-VPS4 plasmid 
(which has been proven to be functional) into vps4∆ cells and no redistributed Osh7p 
could be detected in P13 fraction. 
 
3.2.3 Sucrose density gradient analysis further confirms the redistribution of Osh7p in 
vps4∆ strain 
To confirm the redistribution of Osh7p in vps4∆ strain, sucrose density gradient 
analysis was performed and similar results were obtained (Fig 20.). Sucrose density 
gradient can separate soluble and membranous proteins based on their densities.   In 
wild-type cells, a major peak of Osh7p appeared at the first two fractions with little 
Osh7p presented from fraction 3 to fraction 5 in the gradient. In vps4∆ strain, there was 
a minor peak from fraction 8 to fraction 10 in addition to the major peak in the first 
two fractions. This suggested that loss of Vps4p function resulted in an accumulation 
of Osh7p in membranous fractions, which was consistent with the differential 
centrifugation data. I also reprobed the same nitrocellulose membrane with several 
markers to examine the co-localization between Osh7p and other organelles. A very 
significant peak appeared at the first two fractions when I probed the membrane with 
anti-hexokinase antibody, which is a soluble protein marker, these data confirm that 
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the main peak of Osh7p represents the soluble part of Osh7p pool. Pep12p may act as 
the endosome marker (Gerrard et al., 2000; Prescianotto-Baschong and Riezman, 2002) 
while Tlg1p was identified as the marker protein for endosome and possibly Golgi 
(Holthuis, et al., 1998; Lewis et al., 2000). Vps10p is a Golgi marker (Marcusson et al., 
1994) and Vph1p (Manolson et al., 1992) could be used as a vacuole marker. Gas1p is 
a plasma membrane marker (Nuoffer et al., 1991). Unfortunately, no organelle markers 
could be found to co-localize with Osh7p exactly, which suggested Osh7p might 
accumulate to an unidentified organelle or associate with more than one organelle.                
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Fig 20. Part of Osh7p redistributes to a membranous peak in sucrose density 
gradient. The whole protein extracts from wild-type cells and vps4∆ cells were loaded 
onto a linear sucrose gradient respectively. After equilibrium centrifugation, thirteen 
fractions were collected and loaded on 12% SDS-PAGE for Western blotting using 
anti-Osh7p antibody. The nitrocellulose membrane with protein extracts from vps4∆ 
cells was stripped and reprobed with anti-Vph1p, anti-Dpm1p, anti-Tlg1p, anti-Gas1p, 
and anti-pep12p antibodies respectively. 
 
 
3.2.4 Osh7p associates with a membranous compartment 
To determine whether the redistributed Osh7p is membrane associated, the P13 
fraction from vps4∆ strain was resuspended in 1.2 ml of lysis buffer (0.2 M sorbitol, 50 
mM potassium acetate, 20 mM HEPES, pH 6.8, 2 mM EDTA) and loaded on the 
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bottom of a sucrose step gradient. Following centrifugation, samples were divided into 
three fractions: the top fraction containing the membrane/organelle-associated floating 
material (F), the load fraction containing non-floating material (N) and the pellet 
fraction (P) that corresponds to large non-membrane-associated material. Western 
blotting analysis of these samples showed that the majority of the Osh7p P13 fraction 
as well as a control transmembrane protein (Pep12, data not shown) were found in the 
top fraction of the gradient, indicating that the redistributed Osh7p was indeed 
associated with a membranous compartment (Fig 21.)  





Fig 21. Osh7p is associated with a protein complex in membranous fraction in 
vps4∆. The large membranous fraction of vps4∆ cells was loaded at the bottom of a 
sucrose step density gradient. After 14 hours centrifugation at 200,000 × g, fractions of 
the floating material (F), the non-floating material (N) and the pellet (P) were collected 
and loaded on 12% SDS-PAGE followed by Western blotting using polyclonal anti-
Osh7p antibodies.  
 
3.2.5 The membrane association of Osh7p is mediated by a large protein complex 
To further determine the nature of the association of Osh7p with the P13 fraction, the 
P13 fraction was resuspended in equal volume of 6 M Urea, 1 M NaCl, 1% Triton X-
100, 0.1 M Na2CO3 (pH 11.0) or lysis buffer (0.2 M sorbitol, 50 mM potassium acetate, 
20 mM HEPES, pH 6.8, 2 mM EDTA). The results of this experiment are shown in 
Fig 22. As previously demonstrated, the P13 fraction of Osh7p remained in the pellet 
fraction when no pretreatment was used (Fig 22., lanes 1 and 2). Pretreatment with 1 
M NaCl had no effect on the partitioning of Osh7p from the membrane (Fig 22., lanes  
3 and 4). The association of Osh7p with the P13 fraction is resistant to pretreatment 
with the detergent 1% Triton X-100, indicating that Osh7p does not directly associate 
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with cellular membranes (Fig 22., lanes 5 and 6). Pretreatment with 6 M Urea can 
disrupt the membrane association of Osh7p completely (Fig 22., lanes 9 and 10), while 
0.1 M Na2CO3 can partially disrupt the membrane association (Fig 22., lanes 7 and 8), 
suggesting that Osh7p is tightly associated with this sedimentable complex. These data 
indicate that the association of Osh7p with membrane does not appear to be due to the 
direct association of Osh7p with a membrane by itself, but more likely results from a 
protein-protein interaction of Osh7p with a large protein complex. 
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Fig 22. Characterization of the association of Osh7p with the P13 subcellular 
fraction. The cell lysate from vps4∆ strain was cleared of unbroken spheroplasts and 
was then subjected to centrifugation at 13,000 × g to generate P13 pellet fraction. The 
resulting P13 fraction was then treated with different detergent and subjected to 
centrifugation at 13,000 × g again to generate supernatant (S) and pellet (P) fractions. 
200 µl of lysis buffer alone (lanes 1 and 2), 1 M NaCl (lanes 3 and 4), 1% Triton X-
100 (lanes 5 and 6), 0.1 M Na2CO3 (pH11.0) (lanes 7 and 8) and 6 M Urea (lanes 9 and 
10) were used to resuspend the P13 pellet. S – supernatant; P – pellet. Samples were 
loaded on 12% SDS-PAGE followed by Western blotting. 
 
3.3 TRANSPORT OF CPY AND CPS IS UNAFFECTED BY OSH7 
DEPLETION 
As Vps4p plays a very important role in vacuolar protein sorting, I hypothesized that 
Osh7p may also function in vacuolar protein sorting based on the interaction between 
Osh7p and Vps4p. The biosynthetic transport pathway for the vacuolar enzyme 
carboxypeptidase Y (CPY) is well characterized and therefore it serves as a general 
model for vesicle-mediated vacuolar protein sorting. In wild-type cells, the precursor 
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form of CPY protein is translocated into the endoplasmic reticulum (ER) and 
subsequently transported from ER to the Golgi. In the trans-Golgi, CPY is sorted away 
from secretory traffic by binding to the receptor protein Vps10p, which carries CPY to 
a prevacuolar endosomal-like compartment (Marcusson et al., 1994). From this 
compartment, Vps10p recycles back to the trans-Golgi for further rounds of sorting, 
while CPY is transported to the vacuole (Cereghino et al., 1995; Cooper and Stevens, 
1996). Some secretory mutants deliver CPY to the vacuole, but also secrete a large 
proportion of CPY to destinations other than the vacuole. In these mutants, a portion of 
the CPY protein is missorted to the plasma membrane and released into the medium 
(Bryant and Stevens, 1998). VPS4 is required for the sorting and trafficking of CPY 
from the trans-Golgi to the vacuole and the vps4∆ strain secreted a large amount of 
CPY onto nitrocellulose filter (Robinson et al., 1988; Rothman et al., 1989).  To test 
whether any CPY was secreted from the cell following OSH7 gene deletion, CPY 
missorting test was performed on wild-type cells (Y00000), osh7∆ and vps4∆ strains. 
Extracellular secretion of CPY was monitored by overlaying nitrocellulose filters 
directly onto patches of yeast strains grown on solid media. Using anti-CPY antibodies, 
the filters were probed for the presence of secreted CPY. As a control, the same filter 
was reprobed with anti-hexokinase antibodies, which is a cytosolic protein and can be 
nonspecifically released by cell lysis. As shown in Fig 23., both wild type and osh7∆ 
cells did not release CPY while strong CPY secretion can be detected in vps4∆ strain. 
And no hexokinase secretion can be detected in these three strains (data not shown). In 
comparison, the vps4∆ strain did not release hexokinase suggesting that the CPY 
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Fig 23. No defect is detected in CPY missorting test by OSH7 deletion. Cells were 
grown on YPD solid medium for two days in contact with a nitrocellulose membrane. 
The membrane was removed, cells were eluted and CPY secretion were tested by 
immunoblotting it with a monoclonal CPY-specific antibody. 
 
To investigate the effect of OSH7 deletion on sorting at the multivesicular body 
(MVB), I analyzed trafficking of the MVB cargo carboxypeptidase S (CPS) in both 
wild-type cells as well as osh7∆ cells. The vacuolar hydrolase CPS is synthesized as a 
transmembrane precursor (pro-CPS) and is transported into the lumen of the vacuole 
through the MVB pathway (Odorizzi et al., 1998). The precursor form of CPS is 
proteolytically cleaved at the membrane when it is exposed to the hydrolytic content of 
the vacuole, therefore the soluble mature form of CPS is released. The transport and 
sorting of CPS into the vacuolar lumen could be followed by fusing the green 
fluorescent protein (GFP) to the C-terminus of CPS. The consequence of OSH7 
deletion in the transport of GFP-CPS fusion protein was examined via fluorescence 
microscopy. As expected, GFP-CPS was delivered to the lumen of the vacuole via the 
MVB pathway in wild-type cells, resulting in a GFP fluorescence pattern that is 
localized to the lumen of the vacuole in wild-type cells (Fig 24.). osh7∆ cells showed a 
similar staining pattern as wild-type cells. VPS4 is required for the sorting of CPS from 
the trans-Golgi to the vacuole and vps4∆ mutant strain was used as a control to this 
experiment. When the fusion protein GFP-CPS is expressed in vps4∆ mutant cells, 
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GFP-CPS is missorted to the limiting membrane of the vacuole. Based on these 
experiments, deletion of OSH7 had no adverse effect on CPY secretion and transport 


























livery of CPS to vacuole is unaffected in osh7∆ cells. Wild-type cells, 
 and vps4∆ cells expressing GFP-CPS protein were grown at 30°C to an 
sity (600nm) of 0.6 and visualized by fluorescence (left) or Normarski 
oscopy. 
LUID-PHASE ENDOCYTOSIS AND FM4-64 
LIZATION ARE UNAFFECTED IN osh7∆ MUTANT CELLS 
tion of all OSH gene products caused aberrant vacuolar morphology, and 
es vesicle accumulation, suggesting that secretory transport to the vacuole 
srupted. According to a previous study, Osh proteins were shown to be 
 endocytosis (Beh et al., unpublished data), and Vps4p is required for 
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normal endosome function by regulating membrane association of a Vps protein 
complex. VPS4 was initially identified as END13 due to its role in endocytosis (Munn 
and Riezman, 1994) and vps4∆ strain was reported to be defective in endocytosis 
(Zahn et al., 2001). Based on the results that loss of Vps4p function could cause the 
redistribution of Osh7p, I speculate that Osh7p might also play a role in endocytosis. 
To test this hypothesis, Lucifer-Yellow (LY) uptake assay and FM4-64 endocytosis 
assay were performed.  
 
To examine the effect of loss of Osh7p on fluid-phase endocytosis, Lucifer yellow 
uptake assay was carried out in wild-type cells and osh7∆ mutant cells with vps4∆ 
mutant cells as a control to this experiment. vps4∆ mutants cells showed significant 
defect in lucifer yellow uptake, which cannot accumulate lucifer yellow in the vacuole. 
Meanwhile, compared to wild-type cells, osh7∆ strain did not show a significant defect 
in lucifer yellow accumulation. Lucifer yellow was efficiently internalized from the 
























Fig 25. Fluid-phase endocytosis assay does not show any defect in osh7∆ strain. 
The wild-type, osh7∆ mutant and vps4∆ mutant cells were assayed for fluid-phase 
endocytosis of lucifer yellow at 30°C. The same field of cells was observed by 
Nomarski optics (right) to visualize vacuoles (which appears as indentations in the cell 
profiles) or by fluorescein isothiocyanate fluorescence optics (left) to visualize Lucifer 
yellow. 
 
To investigate if there is any delay in endocytic membrane transport, I analyzed 
internalization and vacuolar delivery of the fluorescent lipid soluble styryl dye FM4-64 
(Vida and Emr, 1995). In both wild-type cells and osh7∆ cells, I observed punctate 
staining at the cell periphery characteristic of early endosomes after incubation with 
FM4-64 for 20 minutes at 15°C (Fig 26.). The FM4-64 still localized mainly to these 
early endosomes after the cells were washed at 0°C. After 5 minutes incubation at 
30°C in fresh medium, the FM4-64 was gradually transported out of the peripheral 
early endosomes and predominantly labeled perivacuolar structures with the 
appearance of late endosome. The FM4-64 was delivered to the vacuole and stained 
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the vacuolar membrane after 15 minutes incubation at 30°C. Thus, FM4-64 was 
effectively internalized in both wild-type and osh7∆ cells. 
 






















Fig 26. Transport of FM4-64 is normal in osh7∆ strain. Wild-type strain and osh7∆ 
cells were grown to early exponential phase and then incubated with FM4-64 at 15°C 
for 20 minutes. The cells were washed in ice-cold YPD and resuspended in YPD at 
30°C. Samples of cells were taken after the 15°C incubation and before washing (0) or 
after washing (0w) and at 5, 10, 15 and 30 minutes after the shift to 30°C. Further 
membrane transport was stopped by chilling and addition of sodium azide and sodium 
fluoride (10 mM each). Cells were viewed by Texas Red-fluorescence optics to 
visualize FM4-64 (left panels) or by Nomarski optics to visualise vacuoles (appear as 





3.5 Osh7p INTERACTS WITH PI(4)P AND PI(5)P IN VITRO 
Although the presence of one or more lipid binding domains in a protein can readily be 
established through routine database searches, it is currently not possible to perform 
sequence alignments or structural modeling to reliably predict with which lipid a 
putative lipid binding domain of a protein will interact, nor the relative affinity of these 
interactions. This information can only be obtained experimentally by performing a 
protein-lipid overlay assay. To assess the phospholipid-binding properties of GST-
Osh7p, a protein-lipid overlay assay was performed as described previously with some 
modifications (Dowler et al., 1999; Deak et al., 1999). 
 
Phosphoinositides have been found to play key roles in the recruitment of specific 
proteins to membranes from cytosol (Hurley and Meyer, 2001; Hurley and Misra, 
2000). A large number of proteins possess the ability to interact specifically with 
phospholipids. This interaction is usually mediated through a specific modular lipid 
binding domain contained within the protein. These domains include pleckstrin 
homology (PH) domain, the Fab1p, YOTB, Vac1p, EEA1 (FYVE), the PhoX 
homology (PX) domain and the Epsin NH2-terminal homology (ENTH) domain 
(Gaullier et al., 1998). Although the existence of PH domain has been documented for 
long Osh proteins (Levine and Munro, 1998; Beh, et al., 2001), a recent study 
demonstrated that Osh4p, a short Osh protein, also binds PIPs (Li et al., 2002). Since 
Osh4p was reported to be able to bind to PIP, I speculated that Osh7p may also possess 
lipid-binding property. The pGEX-4T-2-OSH7 and pGEXT-4T-2 plasmids were 
transformed into E. coli. BL21 strain and the GST-Osh7p fusion protein and GST 
protein were expressed respectively. The calculated molecular weights for GST protein 
and GST-Osh7p were 27 kDa and 75 kDa respectively. After purifing GST from cell 
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lysates by affinity chromatography on glutathione-sepharose, single coomassie blue-
staining band was observed that migrated with the expected molecular masses for each 
protein on SDS-PAGE (Fig 27. A).  
 
Subsequently, I investigated the interaction between GST-Osh7p and phospholipids 
using a protein-lipid overlay assay. Phospholipids, including phosphoinositides, were 
spotted onto a nitrocellulose membrane. After incubating the membranes with GST-
Osh7p and with GST as a control, the membranes were then washed and 
immunoblotted using a GST antibody to detect the GST fusion proteins bound to the 
membrane by virtue of their interaction with lipid. PI(4)P and PI(5)P were found to 
have strong interaction with GST-Osh7p but not with GST protein alone (Fig 27. B). 
This demonstrated that the interaction of PI(4)P, PI(5)P with GST-Osh7p was not due 
to the GST, but more likely to be resulted from the interaction between Osh7p with 
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Fig 27. GST-Osh7p interacts with PI(4)P and PI(5)P. (A) GST-Osh7p and GST 
proteins were purified from cell lysates and separated by 10% SDS-PAGE. (B) The 
ability of GST-Osh7p to bind a variety of phospholipids was analysed using a protein-
lipid overlay assay. The indicated phospholipids were spotted onto a nitrocellulose 
membrane which was then incubated with the purified GST fusion protein and GST 
protein alone. The membrane was washed and the GST fusion protein bound to the 
membrane by virtue of its interaction with lipid was detected using a GST antibody. 
The identities of lipids were as follows: 1. LPA 2. LPC 3. PI 4. PI(3)P 5. PI(4)P 6. 
PI(5)P 7. PE 8. PC 9. SIP 10. PI(3,4)P2 11. PI(3,5)P2 12. PI(4,5)P2 13. PI(3,4,5)P3 14. 
PA 15. PS 16. Blank. 
 
3.6 STEROL ESTERIFICATION IS INCREASED IN osh7∆ STRAIN 
WHILE STEROL BIOSYNTHESIS REMAINS UNAFFECTED 
As Osh proteins had been shown to function in maintaining cellular sterol homeostasis 
(Beh et al., 2001), sterol esterification and sterol biosynthesis assays were performed to 
investigate the role of Osh7p in sterol metabolism. Total lipids, labeled by the 
incorporation of [14C] acetate into exponentially growing cells, were saponified and 
extracted. The rate of [14C] acetate incorporation into ergosterol was measured with the 
[14C] acetate incorporation into fatty acid as an internal control. Compared to wild-type 
cells, there was a slightly increase in sterol biosynthesis in osh7∆ cells, but not at a 







































8. Sterol biosynthesis is unaffected in osh7∆ cells. Lipids from wild-type 
00) and osh7∆ cells were labeled in YPD media containing [14C] acetate, 
ified, and extracted with hexane and subjected to thin-layer chromatography 
sis. The data are expressed as the ratio of incorporation into sterols to 
oration into fatty acids. 
wild-type and osh7∆ cells were analyzed by the incorporation of [3H] oleate into 
 ester. There was no significant difference detected between wild-type and osh7∆ 
in triglyceride biosynthesis (data not shown). In contrast to normal sterol 
nthesis observed in osh7∆ cells, an increase in sterol esterification was apparent 
h7∆ mutants. These were detected by iodine vapor staining of thin-layer 
atographs of total yeast lipids. Sterol ester levels of osh7∆ mutants were 
sed to more than 30% of that in the wild-type cells. To confirm that the increase 
rol esterification in osh7∆ mutant cells was due to the deletion of OSH7, I 
ssed Osh7p under its endogenous promotor in plasmid pRS316. Fig 29. showed 
 osh7∆ mutants, Osh7p expression complemented the sterol esterification defect. 
p was also overexpressed in plasmid pADNS in wild-type cells and the 
xpression was confirmed by Western blotting (data not shown). [3H] oleate 
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incorporation into sterol ester was also analyzed in Osh7p overexpression strain and 
there was no significant difference between wild-type cells and Osh7p overexpression 


























Series1 1092.4357 1421.106 1079.0015 1395.3947
WT osh7 OSH7 osh7-pRS316
Fig 29. Sterol esterification is increased in osh7∆ mutants. Total lipids were 
extracted from cells grown in media containing [3H] oleate and analyzed by thin-layer 
chromatography. WT --- Y00000; osh7 --- osh7∆; OSH7 --- pRS316-OSH7 






























Fig 30. Sterol esterification is unaffected by Osh7p overexpression. Total lipids 
were extracted from cells grown in media containing [3H] oleate and analyzed by thin-
layer chromatography. WT-OSH7 --- pADNS-OSH7 transformed into a wild-type 
strain Y00000; WT-pADNS --- empty vector pADNS transformed in wild-type strain 
Y00000. 
 
3.7 TOTAL ERGOSTEROL LEVEL IS NOT AFFECTED BY OSH7 
DELETION OR OVEREXPRESSION 
Some of the previously characterized OSH deletions had changes in cellular ergosterol 
concentrations (Jiang et al., 1994; Fang et al., 1996; Daum et al., 1999; Beh, et al., 
2001). To quantify ergosterol level in wild-type cells, osh7∆ strain and Osh7p 
overexpression strain, saponified lipids extracts were analyzed by tandem gas 
chromatography-mass spectroscopy. Relative to extracts from wild type, extracts from 
osh7∆ mutant cells had nearly the same level of ergosterol (Fig 31.). When Osh7p is 
overexpressed in plasmid pADNS in wild-type cells, no statistically significant 



















Series1 18.57832 20.15363 18.4977 19.5826
















Fig 31. Total ergosterol level is not affected by OSH deletion or overexpression. 
Total ergosterol level was quantified by GC-MS (see materials and methods) in wild-
type, osh7∆ and Osh7p overexpression strains. WT --- Y00000; osh7 --- osh7∆; OSH7 
--- pADNS-OSH7 plasmid transformed into Y00000; WT-pADNS---empty plasmid 



























4.1 Vps4p PHYSICALLY AND FUNCTIONALLY INTERACTS WITH 
Osh7p 
Osh7p and Vps4p had been shown to interact with each other in the yeast two-hybrid 
system and most likely this interaction is mediated through the coiled-coil domain of 
Osh7p to the coiled-coil domain of Vps4p. This is observed when the coiled-coil 
domain of Osh7p was identified in the yeast two-hybrid analysis to interact with 
Vps4p and the interaction had been shown to be stronger than that of full length Osh7p. 
Furthermore, the coiled-coil domain of Osh7p has weak interactions with N- and C-
terminus of Vps4p.  This could be because the full length protein in vivo might exist in 
such a conformation that might mask the coiled-coil domain, thus preventing it from 
interacting with other proteins. When the full length Osh7p was recruited to 
membranes by binding to the lipids and other proteins via the OSBP domain and 
coiled-coil domain, its conformation might be changed and the coiled-coil domain 
exposed, thus allowing the interaction with Vps4p to take place.  However, these data 
do not prove that the interaction between the two proteins is a real interaction since the 
interaction could be due to artificial effects sometimes. The yeast two-hybrid system 
assay was performed in vivo and it is highly sensitive. To ensure that the interaction 
between the two proteins is real, an in vitro binding assay was performed and further 
confirmed the interaction. 
 
The functional relationship was exploited by visualizing the localization of Osh7p-
GFP in both wild-type and vps4∆ cells under microscopy. Some punctate structures 
could be observed in vps4∆ cells compared to the diffused cytosolic pool in wild-type 
cells, which indicated a redistribution of Osh7p-GFP in vps4∆ cells. From the staining 
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pattern, it is impossible to tell on which kind of organelle that Osh7p-GFP is located, 
which is not a typical staining pattern of any known organelles. The characteristic 
structure of vps4∆ cells is the class E compartment, whose location is just adjacent to 
the vacuole, so Osh7p-GFP is localized to a certain unidentified organelle, but 
definitely not class E compartment. There are two concerns of the GFP staining: one is 
that the fusion protein (Osh7p-GFP) was cloned into a high copy plasmid, the other 
one is that the observed fluorescence was the localization of Osh7p-GFP instead of 
Osh7p. Thus, the high copy GFP fusion protein may affect the intracellular localization 
of Osh7p. However, the subcellular fractionation experiment confirmed the 
redistribution of Osh7p using anti-Osh7p antibody. Hence, we believe that the data 
obtained is not due to artificial effects. Subcellular fractionation was also performed in 
both wild-type cells and vps4∆ mutant cells. Osh7p was mainly localized to the soluble 
fraction in wild-type cells, whereas in vps4∆ cells, a small fraction of Osh7p shifted to 
the P13 fraction. But there is another concern of the Osh7p redistribution to P13 
fraction, which is that the Osh7p redistribution in vps4∆ cells may be a consequence of 
its over-expression in vps4∆ cells since Osh7p still persists in P100 fraction in wild-
type cells. However, there is only a minor pool in the P100 fraction and no Osh7p 
could be detected in the P13 fraction in wild-type cells. Meanwhile, there is only a 
slightly increase in quantity in the P100 pool in vps4∆ cells while a significant part of 
Osh7p could be detected in the P13 fraction. If the redistribution of Osh7p in vps4∆ 
cells is merely due to the over-expression of Osh7p, there should be a significant 
increase in S100 and P100 fraction as well. In the following experiments conducted by 
my colleague Mr. Woo Wee Hong, total RNA isolated from both wild-type and vps4∆ 
cells were analyzed by Northern blotting. No significant difference could be detected 
in the RNA level between wild-type and vps4∆ cells, which means Osh7p expression 
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level is normal in vps4∆ cells and the redistribution of Osh7p to P13 fraction in vps4∆ 
cells are not due to Osh7p over-expression. As shown in Fig 18., there is an apparent 
increase in the quantity of Osh7p in vps4∆ cells compared to wild-type cells. 
According to my colleague Mr. Wang Penghus’s preliminary data, the increase of 
Osh7p may be due to the delayed degradation of Osh7p in vps4∆ cells. A working 
model for the Osh7p-Vps4p interaction is discussed in detail in 4.5. Furthermore, the 
redistributed P13 fraction was proven to be associated with a protein complex and this 
protein complex is associated with a membranous compartment. Sucrose density 
gradient experiment also showed the redistribution of Osh7p in vps4∆ cells, but no 
organelle was found to be co-localized with the redistributed pool of Osh7p.  
 
4.2 Osh7p INTERACTS WITH PI(4)P AND PI(5)P IN VITRO 
Phosphoinositides are essential phospholipids that serve as key regulators of numerous 
cellular processes. Although they make up only a small percentage of the total 
membrane lipid content, phosphoinositides have been found to play important roles in 
cell signaling, vesicle trafficking, cell proliferation, and cytoskeleton organization. In 
this study, Osh7p showed the ability to bind to PI(4)P and PI(5)P in vitro. The 
synthesis of phosphatidylinositol 4-phosphate on Golgi membranes is stimulated by 
GTP-bound ARF through the recruitment of PI 4-kinase (Godi et al., 1999). The yeast 
Saccharomyces cerevisiae possesses two genes that encode phosphatidylinositol 
(PtdIns) 4-kinases, STT4 or PIK1. PI(4)P was originally identified as the precursor of 
PI(4,5)P2 (Audhya et al., 2000; Walch and Novick, 1999; Hama et al., 1999). PI(4)P 
has been recently proposed to be involved in controlling  exit from the Golgi complex 
in multiple directions, one example is Golgi-to-plasma membrane transport. This 
suggests that it might be required for elementary processes that are likely to be 
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common to different trafficking pathways, such as budding and/or fission processes. 
With regard to the targets of PI(4)P, the members of the oxysterol-binding protein 
family, such as Osh4p and Osh7p, are likely candidates. Osh4p can bind PI(4)P and  
localize to the Golgi complex (Li et al., 2002). Since GST-Osh7p specifically bind 
PI(4)P, it may play a role in membrane trafficking pathway under the control of PI(4)P.  
Although PI(5)P was already discovered in 1987, it has been difficult to assess its role 
duo to the low level in the cell.  
 
 PI(4)P and PI(5)P are precursors of PI(4,5)P2, which has been proposed to play a role 
in ER-to-Golgi transport (Godi et al., 1998), in the formation and release of post-Golgi 
transport intermediates, and in maintaining the structural integrity and function of the 
Golgi complex (Siddhanta et al., 2000; Sweeney et al., 2002). Taken together, based 
on the protein-lipid binding data, Osh7p might play a role in vesicular trafficking, 
which needs further investigation.  
 
However, it would be better if the protein-lipid interaction result could be further 
substantiated by in vivo methods since the protein-lipid overlay assay was performed 
in vitro. Yeast possesses two PI 4-kinases, Stt4p and Pik1p. Both of them 
phosphorylate PtdIns at the D-4 position of the inositol ring to generate PtdIns(4)P, 
which plays an essential role in yeast viability because deletion of either STT4 or PIK1 
is lethal. One experimental approach to perform the protein-lipid interaction 
experiment in vivo would be through construction of temperature-conditional single 
and double mutants. Both stt4∆ and pik1∆ cells produce diminished levels of PI(4)P at 
restrictive temperature (Audhya et al., 2000). Since Osh7p is proposed to be recruited 
to a membranous compartment either by protein-protein or protein-lipid interaction, a 
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significant decrease in PI(4)P level in the cells at restrictive temperature may cause the 
redistribution of Osh7p, which will support the in vitro data indirectly.  
 
4.3 ENDOCYTOSIS AND VACUOLAR PROTEIN SORTING ARE 
NOT AFFECTED BY OSH7 DELETION 
According to previous studies, VPS4 is a class E VPS gene encoding an AAA-family 
ATPase, which is thought to function in a nucleotide-dependent cycle of binding and 
release to regulate interaction of other class E VPS gene products (Vps24p and 
Vps32p/Snf7p) with the surface of the prevacuolar compartment (Riezman et al., 1996; 
Babst et al., 1997; Finken-Eigen et al., 1997; Babst et al., 1998). Since Osh7p has been 
shown to interact with Vps4p in yeast two-hybrid system via the coiled-coil motif, it 
could therefore play a role in vacuolar protein sorting. Previous data demonstrated that 
elimination of all Osh proteins in yeast showed endocytosis defect, disrupted vacuolar 
integrity and intracellular ergosterol accumulation (Beh et al., 2001 unpublished data). 
And deletion of Vps4p resulted in defective vacuolar protein sorting pathway as shown 
by the accumulation of late-Golgi and vacuolar endocytic markers in an aberrant 
multilamellar compartment, the class E compartments. Thus, Osh7p might function in 
vacuolar protein sorting by maintaining vacuolar integrity. Unless the vacuolar 
integrity is maintained, the vesicle function to transport vacuolar proteins from Golgi 
to vacuole via endosome compartment will not be able to fuse with vacuole and release 
vacuolar protein into the vacuole. The vacuolar integrity is maintained by ergosterol 
together with the rest of the class E proteins. In vps4∆ mutant cells, defects in transport 
of endocytosed fluorescent dyes and plasma membrane receptors had also been 
reported (Zahn et al., 2001). This was shown by the accumulation of endocytosed 
markers and plasma membrane receptors in an endosomal compartment adjacent to 
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vacuole (prevacuolar compartment, PVC). Thus, we hypothesized that Osh proteins 
together with Vps4p might also function in the endocytosis pathway.  
 
In the present study, CPS transport assay in both wild type and osh7∆ cells were 
carried out to investigate the role of Osh7p in vacuolar protein sorting, but no defect 
was shown in osh7∆ cells. Meanwhile, lucifer yellow uptake assay and FM4-64 
endocytosis assay were also performed to figure out the putative function of Osh7p in 
endocytosis. osh7∆ cells did not show any defects in these assays compared to wild 
type cells. All together, these results indicated that Osh7p did not affect vacuolar 
protein sorting and endocytosis. According to a recent study, loss of all 7 Osh proteins 
disrupted endocytosis (Beh et al., 2001 unpublished data). Lucifer yellow uptake was 
blocked and FM4-64 fluorescence was less intense when all of the seven Osh proteins 
were depleted. The possible reason for no defect in the endocytosis assays in osh7∆ 
strain while significant defects could be observed when all OSH genes were deleted 
could be that the seven Osh proteins shared overlapping functions in endocytosis. 
Previous study had shown that the Osh proteins perform many nonessential roles, and 
that all the Osh proteins share at least one essential function. For instance, a model for 
how the loss of OSH genes affected endocytosis would be that OSH inactivation 
blocks the recycling of ergosterol back to the cell surface. If ergosterol accumulation in 
the vacuole was caused by the depletion of Osh proteins, then diminished levels of 
ergosterol at the cell surface might indirectly impair endocytosis and other membrane 
functions. Based on this model, when only one of the seven OSH genes was eliminated, 
the remaining six OSH genes can complement its function and maintain the cellular 
sterol distribution at a stable level, then endocytosis will not be affected by a single 
gene deletion of OSH gene family.  
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4.4 LOSS OF Osh7p FUNCTION INCREASES THE STEROL 
ESTERIFICATION 
In this study, sterol ester levels of osh7∆ mutants were increased to more than 10% of 
that in the wild-type, but the underlying mechanism is still not clear. According to 
previous data, saponified lipid extracts from osh7∆ cells and wild type cells were 
analyzed by tandem gas chromatography-mass spectroscopy. Compared to wild type 
cells, osh7∆ cells contained around 10% elevation in steady-state ergosterol levels 
(Beh et al., 2001). The increased sterol esterification in osh7∆ cells might be due to the 
increased amount of cellular ergosterol.  
 
Another possibility could be that Osh7p might inhibit sterol esterification directly or 
indirectly. Oxysterol was identified as a potent inhibitor of sterol biosynthesis, and 
oxysterol-binding protein appears to mediate many of the activities attributed to 
oxysterols. Although oxysterol binding has so far only been reported for mammalian 
OSBP, the possibility that Osh proteins serve as carriers of oxysterols to fulfill their 
functions in sterol homeostasis could not be excluded, which suggested that the Osh7p 
might function in inhibiting sterol ester biosynthesis and therefore maintaining 
intracellular sterol ester level at a normal level. However, there is only a slightly 
decrease in Osh7p overexpression strain. The reason for that could be the role of 
Osh7p in inhibiting sterol esterification is not essential, so no significant difference 






4.5 UNDERSTANDING THE NATURE OF THE INTERACTION 
BETWEEN Osh7p AND Vps4p  
The subcellular fractionation data demonstrated that part of Osh7p redistributed to P13 
fraction in vps4∆ mutant cells. The nature of the association of Osh7p with the P13 
fraction in vps4∆ cells was determined by treating the P13 fraction with 6M Urea, 1M 
NaCl, 1%Triton X-100, 0.1M Na2CO3 (pH11.0) or lysis buffer. While 0.1M Na2CO3 
can partially disrupt the membrane association, 6M Urea can disrupt the membrane 
association of Osh7p completely. These data indicate that the association of Osh7p 
with membrane does not appear to be due to the direct association of Osh7p with a 
membrane, but more likely results from a protein-protein interaction of Osh7p with a 
protein complex. Together with that Vps4p acts as a dissociation factor for class E Vps 
protein complex bound to the cytoplasmic face of endosomes, a hypothetical model is 
proposed that some of the Osh7p is recruited to the prevacuolar compartment 
membrane by binding to phospholipids and other proteins/protein complex. By doing 
so, it helps in the formation of vesicle and maintains the integrity of these vesicles. In 
order for vesicle to be delivered to vacuole, Vps4p has to be recruited and bind to 
Osh7p either directly or indirectly. Vps4p acts as a molecular switch and once the ATP 
is hydrolysed, the coat protein will then dissociate from the membrane and Osh7p will 
be pumped into vacuole for degradation. Since this process is very transient, we could 
hardly detect the membrane bound part of Osh7p in wild-type cells. When Vps4p is 
deleted, the coat proteins as well as Osh7p will not be dissociated from the membrane 
and Osh7p could not be pushed into vacuole for degradation without the aid of Vps4p. 
Thus, a significant part of Osh7p can be detected in the large membranous fraction in 
vps4∆ mutant cells. Meanwhile, since Osh7p could not be pushed into vacuole for 
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degradation, an apparent increase in Osh7p quantity could be detected in vps4∆ mutant 
cells. 
 
This model is only our preliminary hypothesis, the real nature of the interaction 
between Osh7p and Vps4p and the function of Osh7p remains elusive. In vps4∆ 
mutant cells, Osh7p redistributed to a membrane bound fraction. According the 
sucrose density gradient analysis, no organelle marker was found to co-localize with 
Osh7p exactly. Identification of the organelle that Osh7p localized to in vps4∆ mutant 
cells may help the future study of Osh7p function in yeast. 
 
 
4.6 UNDERSTANDING THE NATURE OF Osh7p MODIFICATION 
The OSH7 gene encodes a 437 amino acid protein with a predicted molecular weight of ~48 
kDa. However, antiserum raised against Osh7p recognized a specific protein band which is 
slightly higher than 50 kDa protein standard. This protein band is approximately 6 kDa higher 
than expected for OSH7. Bacterially expressed Osh7p protein does not migrate in an identical 
manner (shown in Fig 27. A), suggesting that the size discrepancy may not be the result of the 
intrinsic property of the protein (highly charged nature), but rather be due to the protein 
modifications.  
 
Most proteins undergo some forms of modifications. There are several types of possible 
modifications of Osh7p, such as glycosylation, phosphorylation, acylation, methylation, 
sulfation et al. Most commonly occurring on threonine, serine and tyrosine residues, 
phosphorylation plays critical roles in the regulation of many cellular processes including: cell 
cycle, growth, apoptosis and differentiation. Thus, the identification and characterization of 
phosphorylation sites is crucial for the understanding of various signaling events. Osh7p 
phosphorylation could be checked by auto-phosphorylation assay and the 
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phosphorylation site could be identified by mass spectrometry or Edman sequencing. 
Another common modification of proteins is glycosylation, the covalent attachment of 
oligosaccharides. Carbohydrates in the form of asparagine-linked (N-linked) or 
serine/threonine-linked (O-linked) oligosaccharides are major structural components of many 
cell surface and secreted proteins. Glycoproteins play crucial roles in cellular processes such 
as protein sorting, immune recognition, receptor binding, inflammation, and pathogenicity. 
Glycoproteins could be identified by glycoprotein stains, which label lectins and lectin resins. 
Clarification of the Ohs7p modification type may shed a light on the further research of Osh7p 
functions. 
 
4.7 FUTURE DIRECTIONS OF THE PROJECT 
According to previous study, none of the OSH genes encodes an essential gene, but the 
seven yeast proteins performed at least one essential function in common (Beh et al., 
2001). The expression profile for 96 yeast genes of each OSH deletion mutant was 
distinctively different from each other, indicating each Osh protein had a specific role 
(Jiang et al., 1994; Beh et al., 2001). However, due to the overlapping functions shared 
by Osh proteins, it is quite difficult to identify the exact functions for each protein in 
this family.  
 
There are several experimental approaches to overcome the redundancy problem 
between Osh proteins. For many proteins, mutational studies, in particular the 
generation and analysis of dominant-negative mutants (genes encoding mutant 
polypeptides that disrupt the function of the wild-type gene product in the cell), have 
been invaluable in gaining insight into their cellular and molecular functions. To solve 
the redundancy situation and shed light on important functional amino acids in OSH7, 
a screen for dominant negative mutants of Osh7p could be undertaken. This involved 
random mutagenesis of a GAL1-regulated OSH7 yeast expression plasmid. Dominant 
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negative alleles could be identified on the basis of galactose-inducible growth arrest. 
When the dominant-negative mutant of Osh7p is expressed in wild-type cells, the 
phenotypes could be investigated. By the further research of the dominant-negative 
Osh7p, it may provide important structural/functional information on the mammalian 
homologue, oxysterol-binding protein (OSBP). Most importantly, if the identified 
mutated residue is conserved, this allows the generation of dominant negative mutants 
of the other Osh proteins as well as the mammalian OSBP to be used in more complex 
systems. 
 
The redundancy problem could also be solved by expressing OSH7 under regulated 
control of the MET3 promotor in osh1-osh7∆ cells. When the OSH7 gene is expressed, 
the osh1-osh7∆ PMET3-OSH7 strain will be viable. In the presence of added methionine, 
expression of OSH7 is repressed and the strain may fail to grow. Thus the phenotypes 
of the osh1-osh7∆ PMET3-OSH7 strain could be compared in the presence and absence 
of added methionine. Previous research established that the overlapping functions of 
the yeast OSH gene family included vesicular trafficking, endocytosis, maintenance of 
intracellular sterol distribution and integrity of vacuolar morphology. When OSH1-
OSH7 were deleted in yeast, cells displayed defects in these 4 aspects. Some of the 
defects could be complemented by OSH7 expression in such a strain background while 
some of them may not be complemented. By comparing the phenotypes in the 
presence and absence of added methionine, the possible function of Osh7p could be 
deduced. However, the possibility that Osh7p may fulfill some extra functions that are 
not attributed to it in wild-type cells to make cells survive could not be excluded.  
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 To further define the function of Osh7p, yeast strains in which OSH1-OSH6 genes are 
deleted could also be generated. When Osh7p is the sole remaining protein of the Osh 
proteins in yeast, it has to fulfill some of the functions previously attributed to other 
Osh proteins to make yeast cells survive. Thus, the localization of Osh7p in such a 
strain background may be changed according to its functional requirements. By 
monitoring the change of the Osh7p localization either by microscopy or by 
subcellular fractionation, researcher may get a clue of its functions. In addition, 
different domains of Osh7p may carry different functions. Identify the essential 
domain of Osh7p for cell survival is also very important for establishing Osh7p 
functions.  
 
In addition to Vps4p, identification of other interaction partners of Osh7p may also 
give clues to Osh7p functions in vivo, which could be performed by GST pull-down 
assay, co-immunoprecipitation as well as two-hybrid system. The localization and 
structure of a protein are closely connected to its function. Identification of the 
organelle that Osh7p localized to in vps4∆ mutant cells and clarification of the nature 






Based on the previous study, Osh7p was identified as an interaction partner of Vps4p 
in the yeast two-hybrid system. In this study, I further confirmed the interaction 
between Osh7p and Vps4p and showed that Osh7cc had a stronger interaction with 
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Vps4p than full length Osh7p using yeast two-hybrid system. Osh7p is mainly a 
cytosolic protein in wild-type cells but redistributes to a membranous fraction. Sucrose 
density gradient analysis further confirmed the redistribution of Osh7p in vps4∆ strain. 
I also demonstrated that endocytosis and vacuolar protein sorting were not affected by 
OSH7 deletion. In this study, Osh7p showed the ability to bind PI(4)P and PI(5)P. 
Finally, I present evidence to suggest that the loss of Osh7p function influences sterol 
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